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Zusammenfassung
Diese Arbeit untersucht die Anwendung der passiven Probenahme als neue Monitori-
ng–Technik, die in der Lage ist, Gewässerschadstoffe bei niedrigen Umweltkonzen-
trationen zu bestimmen und direkt zur Risikobewertung genutzt werden kann. Im
Freiwasser und im Sediment eines tropischen Flusses in Kenia kamen zwei Pas-
sivsammler, Polyethersulfon (PES) und Silikongummi (SR), zum Einsatz, um en-
dokrin wirksame Substanzen (EDCs) und hydrophobe organische Verbindungen
(HOCs) zu erfassen. PES wurde dabei erstmalig für die zeitintegrierte Beprobung
eingesetzt und war in der Lage, die Zielsubstanzen in niedrigen Konzentrationen
zu erfassen. Diese unterschieden sich nicht signifikant von den auf Basis der bereits
gut etablierten SR ermittelten Werte, ungeachtet der Differenzen in den Aufnah-
memechanismen der beiden Sammler materialien. SR hat sich als robuster Sammler
erwiesen, dessen in situ Sammelraten man über Referenzsubstanzen (PRCs) ermit-
teln kann. Diese Sammelraten korrelieren linear mit den SR-Wasser- und Oktanol-
Wasser-Verteilungskoeffizienten der Substanzen und sind vergleichbar mit Liter-
atur befunden, die nahelegen, dass die Substanzaufnahme durch die wässrige Gren-
zschicht als geschwindig keits bestimmende Barriere kontrolliert wird. Die vorliegende
Arbeit demonstriert, dass Passivsammler in abgelegenen Gebieten eingesetzt und
bei richtiger Aufbewahrung während Transport und Lagerung auch weit entfer-
nt vom Ausbringungsort sowie zeitlich verzögert analysiert werden können. Die
Aufnahme- und Eliminierungskinetik der Zielsubstanz gruppen sowie wichtige dies-
bezügliche PES-Eigenschaften wurden in Labor-Kalibrierexperimenten untersucht.
Für das poröse PES konnte eine Intrapartikel-Diffusion bestätigt werden, die als
langsamer Prozess, gekoppelt mit der vermuteten hohen Sorptionskapazität des PES,
eine Linearität der Aufnahmekurven bewirkt. Dies lässt wiederum darauf schließen,
dass PES während kürzerer Expositionszeiträume im kinetischen Aufnahmemodus
arbeitet. Die Aufnahme- und Eliminierungskurven der einzelnen Substanzen zeigen
eine Anisotropie, die auf mechanistische Unterschiede bei der Adsorption und Des-
V
orption aufgrund der porösen und glasartigen Natur des PES beruhen könnten.
Aus diesem Grund werden PRCs nur ungenügend aus dem PES eliminiert, so dass
man sie anders als beim SR nicht nutzen kann, um in situ Sammelraten zu ermit-
teln. Zur Beurteilung des Sediment-Wasser-Austausches der Zielsubstanzen wurde
ein fugazitätsbasiertes Sedimentmodell eingesetzt. Die berechneten Fugazitätsver-
hältnisse sind jeweils größer als eins, was darauf hinweist, dass die Sedimente eine
Kontaminationsquelle für das Oberflächenwasser darstellen.
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Abstract
This thesis explores the application of passive sampling as a novel monitoring tech-
nique capable of quantifying aquatic pollutants at low environmental concentrations,
and in a form that is directly applicable to risk assessment. Two passive samplers,
namely polyethersulfone (PES) and silicone rubber (SR), were used to monitor some
endocrine disruptors (EDCs) and hydrophobic organic chemicals (HOCs) in fresh-
water and sediments of a tropical river in Kenya. PES was applied for the first time
for time-integrative sampling of these compound classes and was able to quantify
the target coumponds at low concentrations that were not significantly different to
those obtained using the well established SR, despite differences in uptake mech-
anisms with both sampler materials. SR was found to be a robust sampler given
that in situ sampling rates derived using performance reference compounds (PRCs)
yielded linear correlations to both SR-water and octanol-water partition coefficients
that were comparable to those reported in literature, for substance uptake that is
controlled by the water boundary layer as rate-limiting barrier. This study demon-
strated that passive samplers can be applied in remote locations, and with proper
storage, they can be transported and analyzed far afield. Uptake and elimination
kinetics and key properties of PES for the compound classes were also determined in
laboratory calibration experiments. Intraparticle diffusion in the porous PES was
confirmed, and this being a slow process coupled with the possibly high sorption
capacity of PES, resulted in linearity of uptake curves so that PES was concluded
to operate in the kinetic mode within a short-term exposure duration. Uptake and
elimination curves of individual compounds in PES displayed anisotropy attributed
to different mechanistic pathways for adsorption and desorption due to its porous
and glassy nature. For these reasons also, PRCs were not sufficiently dissipated
from PES implying they cannot be used to determine in situ sampling rates, unlike
in SR. Lastly, to assess the sediment–water exchange of target compounds, fugacity
ratios were calculated using a fugacity-based sediment model, where the ratios were
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found to be greater than unity implying that sediments act as a source of pollutants
to surface water.
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1.1 Research scope of this thesis
Several endocrine disruptors (EDCs) and hydrophobic organic chemicals (HOCs)
have been found to adversely affect humans and/or wildlife. EDCs are an emerging
class of compounds that are known or suspected to affect the endocrine system re-
sulting in a wide range of health effects. In reality, the term EDCs is a relatively new
term used for chemicals that are not so new in terms of environmental monitoring.
Consider dichlorodiphenyltrichloroethane (DDT) for instance, a known endocrine
disruptor that has been monitored for more than half a century, given its environ-
mental persistence. Other HOCs that are not generally categorized as EDCs but
are also widely monitored due to their known health effects include the polynuclear
aromatic hydrocarbons (PAHs). It was outside the scope of this thesis to investigate
the health effects of organic compounds. Rather, the focus was on monitoring EDCs
and other hydrophobic organic chemicals (HOCs) in the aquatic environment and
specifically targeting PAHs, polychlorinated biphenyls (PCBs), organochlorine pes-
ticides (OCPs) [DDT and its metabolites, hexachlorobenzene and methoxychlor] and
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three phthalates [butylbenzylphthalate (BBP), di-n-butylphthalate (DBP) and di-
(2-ethylhexyl)phthalate (DEHP)]. These compounds/compound groups were moni-
tored in freshwater and sediments and at concentrations that are relevant for risk as-
sessment, that is, freely dissolved concentrations. In doing so, silicone rubber (SR)–
and polyethersulfone (PES)–based passive sampling techniques were employed. SR–
based passive sampling technologies are already developed and the purpose of this
thesis was to further their applicability to a wider range of compounds and environ-
ments. PES–based passive sampling techniques are still at the development stage,
and this thesis aims to investigate the uptake kinetics of PES in laboratory experi-
ments and then apply it in the field. PES and SR strips were exposed in situ in a
tropical river in Kenya. In addition, sediments were collected and used for ex situ
analysis of total organic carbon (TOC) content, total concentrations of the organic
compounds and also freely dissolved concentrations in porewater. Lastly, the fate of
the organic compounds in the river system, specifically the sediment–water exchange
was modelled using a fugacity–based sediment model.
1.2 Passive sampling: a versatile monitoring tool
Anthropogenic activities have led to pollution of water resources by xenobiotics,
including HOCs like PAHs, PCBs, OCPs and phthalates. Some of these HOCs
are suspected endocrine disruptors. HOCs lower the water quality and negatively
impact on the aquatic ecosystem and dependent human populations either directly
or indirectly. Accordingly, novel monitoring strategies that are capable of sensing
the pollutants at their low environmental concentrations are required.
HOCs are generally hydrophobic and partition preferably to lipids and organic com-
ponents of sediments and particulate matter in air where some HOCs may remain for
long durations due to their environmental persistence [41]. In a river/stream micro–
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environment with minimal point-source pollution, and depending on the weather
and hydrodynamics, physical and chemical processes involving but not limited to
volatilization, deposition, decomposition and upwelling from sediments can cause
exchanges to occur between the solid, lipid and air phases and the water phase.
As such, the HOCs are among commonly detected pollutants in the water phase of
rivers and as a result of their known negative health impacts, concerted efforts have
been made to regulate their use and to regularly monitor inland surface waters [38,
67].
Monitoring of surface water has conventionally been carried out by grab sampling to
yield total concentrations (C total) that are not directly applicable in ecological fate
and risk assessment [47]. This process requires freely dissolved aqueous concentra-
tions (C free) that can effectively be measured directly using passive sampling devices
(PSDs). Besides, this novel monitoring strategy offers several other advantages over
the conventional grab sampling. For instance, PSDs are relatively inexpensive and
easy to deploy and this makes their use particularly attractive in remote locations.
In addition, the time-integrative character and low sensitivity of PSDs gives a ‘big
picture’ about the true field situation that can be both informative and also act
as an early warning system. In this context, a recent report by the United Nations
Environmental Programme (UNEP) highlights the urgency in expanding water mon-
itoring stations in Africa as a means to identifying hot spots that can be used to
set up priorities for data collection, with the overall goal of curbing pollution and
enhancing water security [160]. The use of grab sampling as a monitoring tool in
such regions is operationally difficult given the low fiscal and physical infrastruc-
ture. Passive sampling would therefore offer a more versatile monitoring approach
especially when cheap polymeric materials are used as sorbents.
In this research, PES and SR, were applied in monitoring for PAHs, PCBs, OCPs
and the phthalates: BBP, DBP and DEHP in a tropical river in Kenya. SR is a
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well developed passive sampler, and has been widely applied to monitor HOCs. Its
uptake of HOCs is known to be an absorption process since the flexible polymer
chains accommodate and allow the mobility of solutes within the polymer network.
In addition, experimental partition coefficients (Kpw) for a number of HOCs are also
available. Sampling rates of HOCs can also be determined in situ using performance
reference compounds (PRCs). PES has only recently emerged as a sorbent for
organic chemicals and several data gaps exist regarding, for instance, its Kpw, uptake
kinetics, sampling rates (Rs), and whether PRCs can be applied to determine in
situ Rs. Though it has been found to be a good sorbent [122, 165], rarely has
it been applied in the field [119, 120] and never has it been used as a sorbent
for the compounds like PAHs and PCBs. On the other hand, these compounds
have been well studied using other PSDs including SR [124, 132]. Hence, SR was
deployed as a reference alongside PES. PES was also applied to determine porewater
concentrations.
1.3 Fugacity–based environmental models: sim-
ple yet powerful
In the environment, chemicals are not static but rather move from one compartment
to another depending on environmental conditions and physicochemical properties.
Chemical flows are driven by their fugacity gradients and generally move from re-
gions of high to low fugacities. Actually, the process is much more intricate but
the use of fugacities simplifies the process while generating all the relevant informa-
tion. Thus, fugacity–based models have been widely applied when considering the
transfer of chemicals between environmental compartments [90]. In sediment–water
compartments, understanding chemical fluxes is useful in for instance, assessing the
potential for accumulation or release from the compartment, estimating bioavailabil-
ity and bioconcentration in biota, estimating the residence time or recovery, and in
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planning for or assessing the effectiveness of remediation measures. In this research,
a fugacity–based sediment model was used to assess fluxes of HOCs between sedi-
ments and water.
1.4 Objectives and outline
The overall objective of this research was to assess the occurrence and fate of HOCs
in a tropical river system. This was achieved through a defined set of specific
objectives which were to:
1) determine the sampling rates and partition coefficients of PCBs, PAHs, OCPs,
and phthalates in PES.
2) investigate the uptake and elimination kinetics of HOCs and PRCs so as to assess
the feasibility of using PRCs to measure in situ sampling rates of PES.
3) deploy PES in a tropical river in parallel to SR as sorbents for the HOCs and
compare their performance,
4) collect sediments and determine total organic carbon (TOC) content and total
chemical concentrations (C s)
5) use passive sampling to determine freely dissolved concentrations (Cpw) of HOCs
in sediment porewater, and
6) determine the sediment–water fluxes of the HOCs using a fugacity–based sedi-
ment model
This dissertation organizes the research work in chapters. The definitions and ex-
amples of EDCs are discussed in Chapter 2. Also in this chapter, the environmental
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occurrence of the target groups of compounds that may or may not be classified as
EDCs and the monitoring strategies used in environmental matrices are highlighted.
Finally, the theoretical basis of passive sampling and the fugacity approach to es-
timate sediment-water exchange of the organic compounds is discussed. Chapter
3 which broadly describes the materials and methods used is organized into four
main sections: 1) the laboratory calibration experiment that was used to deter-
mine key properties of PES, 2) field application of PES and SR, 3) determination
of concentrations in whole sediments and sediment porewater, and 4) the setup and
input data for the fugacity–based sediment model. The research outcome is dis-
cussed in Chapter 4. Experimental Rs for PES from the calibration experiment are
given and are also correlated with compound properties. The sorption mechanism
is explained using uptake and elimination curves, and this is also used to assess the
(un)suitability of PRCs use to determine in situ Rs of PES. The outcome of field
deployment of PES and SR in a tropical river is also discussed. Next, concentrations
of the HOCs in sediments and sediment porewater are explored. Lastly, the applica-
tion of the sediment model is elaborated. Chapter 5 gives a synopsis of the research




A review of literature
2.1 Endocrine disrupting chemicals
2.1.1 Definition
The term endocrine disruptor first came up in 1991 at the Wingspread conference.
Endocrine disruptors are also known as hormonally active agents [75] or endocrine
disrupting chemicals (EDCs) [33] and are defined as exogenous substances or re-
spective mixtures that alter the function(s) of the endocrine system and conse-
quently causes adverse health effects in an intact organism, or its progeny, or in
(sub)populations [63].
EDCs comprise a broad, highly heterogeneous group of chemicals, for example some
natural compounds (e.g. phytoestrogens), industrial chemicals and by–products,
pesticides, drugs, metals and some compounds considered as persistent organic pol-
lutants (POPs). In reality, endocrine disruptors is a ‘relatively new’ term applied to
not so new chemicals in the field of environmental monitoring. It is considered new
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in terms of the mechanisms of action elicited in causing health effects. Upon expo-
sure to relevant doses, EDCs can block, mimic, or alter the activity of hormones,
thus disrupting normal growth, development and physiological maintainance.
2.1.2 Examples of EDCs and their endocrine–related effects
Exposure to EDCs has been suspected to be linked to the growing evidence of in-
crease in endocrine–related disorders which include endometriosis, cryptorchidism,
decrease in sperm quality, obesity, thyroid disruption and diabetes [33, 175]. Ini-
tially, EDCs were thought to exert their effects on the endocrine system by influ-
encing the actions of three groups of hormones: estrogens, androgens and thyroid
hormones. These changes could cause alteration in normal hormone levels, inhibi-
tion or stimulation of hormone production and an alteration in body distribution,
thereby affecting the functions that these hormones control [137]. In addition to
the aforementioned mechanisms of action, EDCs can also act through membrane
receptors, non–steroid receptors (e.g. neurotransmitter receptors), orphan receptors
(e.g. aryl hydrocarbon receptor, AhR), transcriptional coactivators, and enzymatic
pathways involved in steroid biosynthesis and/or metabolism [33, 137, 156]. In most
cases however, the causal evidence is by no means universally conclusive and still re-
quires elaborate and standardized inter–laboratory studies. Some published health
effects of EDCs are described below and others summarized in table 2.1.
Polychlorinated biphenyls (PCBs) are chlorinated organic compounds that were once
widely applied in the manufacture of carbonless copy paper and as dielectric and
coolant fluids in electrical apparatus. Despite a worldwide ban in their produc-
tion and use, PCBs are still detected in environmental matrices owing to their high
hydrophobicity and environmental persistence. The ban was occasioned by the
observation of adverse effects in humans and wildlife following exposure, notably
the development and progression of cancer through, for instance, oxidative damage
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to DNA [104]. In addition, PCBs have been implicated in some endocrine–related
disorders, for instance the increased incidences of rheumatic diseases through distur-
bance of metabolism and balance of adipokines [1]. Recent studies have also linked
PCBs to thyroid–related disorders occasioned by a disruption in the distribution
and metabolism of thyroid hormones [20], notably a reduction in serum thyrox-
ine (T4) levels through binding to the AhR or because PCB and its hydroxylated
metabolites act as T4 antagonists by binding to transthyretin [70, 95]. Some studies
indicated that PCBs were associated with reduced thyroid hormone levels and/or
positive associations with thyroid–stimulating hormone (TSH) in pregnant women
[20]. Furthermore, hydroxylated PCBs have been shown to have weak estrogenic
and anti–estrogenic activities by agonizing or antagonizing estrogen receptors (ER)
[76, 157].
Phthalates are a group of chemicals that are commonly used as plasticizers in various
industrial and consumer products. Concern over phthalates stems from associated
health effects and the fact that they are ubiquitous high production volume chemi-
cals which implies that although they are easily metabolized, body burdens do not
decrease due to continued exposure [73, 153]. Phthalate toxicity targets mainly
the reproductive and respiratory systems, but may also be involved in the carcino-
genesis processes and autism [163]. Bis(2-ethylhexyl) phthalate (DEHP) and its
metabolite, mono(2-ethylhexyl)phthalate (MEHP) are the most studied phthalates,
and DEHP is classified a as priority pollutant in water monitoring by environmental
protection agencies [38]. Prenatal exposure to DEHP increased the prevalence of
cryptorchidism and hypospadias which are symptoms of testicular dysgenesis syn-
drome (TDS) and also lead to shortening of the anogenital distance (AGD) in male
rodents due to an induction in abnormal Leydig cells function and a decrease in
testosterone synthesis [143, 155, 163]. DEHP and MEHP have been associated with
suppression of estradiol levels, prolonged estrous cycles and the absence of ovulation
in female rats [94]. Exposure to DEHP from hatching to adulthood accelerated the
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start of spawning and decreased egg production of exposed female marine medaka
while exposure to both DEHP and MEHP resulted in a significant increase in plasma
17β -estradiol (E2) and a decrease in testosterone (T)/E2 ratios in males [181]. Butyl
benzyl phthalate (BBP) was found to elicit anti–androgenic activities in an in vitro
study employing yeast–based assays [148]. Phthalates may activate the AhR that
plays a significant role in cell proliferation and differentiation and in tumorigenesis
[135, 163]. Phthalates have also been associated with the increased risk of asthma
development in children possibly through alterations in DNA methylation [172].
Dichlorodiphenyltrichloroethane (DDT) is a synthetic chemical that was once widely
used as an insecticide until it was banned and its use restricted to vector control,
such as mosquitoes, under the Stockholm convention on persistent organic pollutants
[161]. DDT is classified as a possible human carcinogen and an endocrine disruptor
[161]. DDT and its metabolites have been associated with endocrine-related diseases
such as testicular tumors, type 2 diabetes and endometrial, breast and pancreatic
cancers [44]. For instance, high testicular mass and abnormal histology in male
Sprague-Dawley rats were observed after exposure in utero, during lactation and
directly to DDT [113]. An in vivo study demonstrated the potential of o,p’-DDT as
a xenostrogen by binding to ER and therefore induced vitellogenesis in mature male
tilapia [78]. Recent studies using rats indicated that ancestral exposure to DDT can
promote obesity and associated disease transgenerationally [144].
Polycyclic aromatic hydrocarbons (PAHs) are a group of more than 100 different
chemicals that are released to the environment mainly as a result of incomplete
combustion of fossil fuels but can also emanate naturally from coal tar and crude
oil. Evidence supporting PAHs as endocrine disruptors is rather weak [133]. Nev-
ertheless, a few studies have shown disruptive activities of parent PAHs or their
metabolites. 7,12-Dimethylbenz(a)anthracene was shown in vitro to decrease the
number of membrane dopamine receptors and stimulate prolactin release by direct
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Table 2.1: Some EDCs, their modes of action and health effects
Chemical Mode(s) of action Some health effects References
Methoxychlor estrogenic, antiestrogenic,
antiandrogenic









4-NPb estrogenic induces vitellogenin, endometriosis,
gonadal alteration
[174]
Vinclozolin estrogenic, antiandrogenic disease states or tissue abnormal-
ities (prostate disease, kidney dis-
ease, immune system abnormalities,
testis abnormalities, and tumor de-
velopment) in adult rats from F1-F4
generations
[10, 80]
BPAc estrogenic, antiandrogenic prostate hyperplasia, increased




eggshell thinning [51, 98,
136]
EE2e estrogenic induces vitellogenin [77, 114]
a4-tert-Octylphenol; b4-Nonylphenol; cbisphenol A; dpolybrominated diphenyl ethers; e17α-
Ethinylestradiol.
estrogen-like actions on the anterior pituitary [112]. Using whole-cell ER binding
and E2 metabolism assays, PAHs from environmental samples were found to induce
antiestrogenic responses in metabolically intact human breast cancer cells [12]. PAHs
can also act as EDCs by impacting ER signaling indirectly through interactions with
AhR [141]. PAHs have shown the potential to disrupt the reproductive cycle of fish
living in polluted environments, due to impairment of steroid biosynthesis [100].
The discussions above exemplify health effects resulting from exposure to a single
EDC. However, EDCs rarely occur as single compounds in the environment and
resultant effects may therefore be due to exposure to mixtures of EDCs that may
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act synergistically or antagonistically. For instance, one study demonstrated that
in utero exposure to a mixture of genistein (a phytoestrogen) and DEHP induced
short– and long–term alterations in testicular gene and protein expression different
from individual exposures [68].
It was outside the scope of this thesis to investigate the health effects of EDCs
and other HOCs. However, it was necessary to highlight reported health effects to
demonstrate the need for monitoring these compounds in the environment. This
thesis therefore mainly investigates the occurrence of EDCs and other EDCs in the
environment.
2.1.3 Occurrence of EDCs and HOCs in the environment
EDCs and other HOCs enter the freshwater environment through a variety of ways
that can be broadly classified as point and non–point sources. Point sources include
direct discharge of effluent from wastewater treatment plants. In developed nations,
this type of discharge dominates the sources of EDCs and HOCs in surface wa-
ter. Non–point sources encompass all diffuse sources including overland flow during
snowmelt or a rainfall event, wet and/or dry atmospheric deposition, urban runoff
and spray drifts during pesticide application. Non-point sources dominate the entry
mode of EDCs and HOCs to surface water in developing nations.
Once in the aquatic environment, the compounds can undergo further processes
such as partitioning between the environmental compartments comprising water,
sediments, air and biota and respective subcompartments, degradation and trans-
portation. Phase transfer of a compound largely depends on its physicochemical
properties namely, water solubility and three partition coefficients: air–water (Kaw)
that defines volatility, octanol–water (Kow) that defines hydrophobicity and organic
carbon (Koc) that defines the preference of a compound for the organic phase. Es-
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sentially, Kow and Koc are correlated. As a general rule, hydrophobic compounds
(log Kow > 3.0) partition preferably to lipids and the organic phase in sediments
and suspended matter. Thus, assuming that surface water comprises mainly the
water and sediment phases, measured concentrations of EDCs and HOCs can be
described in three ways: sorbed concentration (C sorbed) for EDCs sorbed to bottom
and suspended sediments, freely dissolved concentrations (C free) for those in aque-
ous phase only without including solid phases and total concentrations (C total) that
include both aqueous and solid phases. EDCs and HOCs have been detected in the
different environmental compartments. Some occurrences of EDCs and HOCs in
water, sediments, biota and air are listed in table 2.2.
DDT and its metabolites are hydrophobic and persistent in the environment, with
half-lifes for microbial degradation ranging from 3 to 20 years [83]. This implies
that DDT and its degradation products are susceptible to long–range transport and
bioaccumulation and may still be detected years after its ban. For instance, dated
sediment/soil cores in the floodplains of river Elbe gave a trend analysis of DDT use
in Germany with peaks in the 1940–1950s [46]. In Kenya, DDTs have been detected
in air, water, soil, sediments and fish lipids (table 2.2). In addition to slow release
from environmental reservoirs, occurrence of DDT in Kenya as a typical example
of many African countries can emanate from continued application during vector
control and release from old stock piles [72, 154]. It is expected that concentration
levels will decrease with the full implementation of the Africa stockpiles programme
that was initiated to clear all obsolete pesticide stocks in Africa [177].
Similar to DDTs, PCBs and PAHs are also ubiquitous in the environment due to a
tendency to bioaccumulate. They are therefore often detected in most environmental
matrices worldwide including sediments/soil [46], biota [150], water [37] and air
[72]. PAHs are often accidental byproducts of combustion processes while PCBs are


































































































































































































































































































































































































































































































































estimated at 1325810 tonnes [25]. Despite the ban in 2001 under the Stockholm
convention on persistent organic pollutants (POPs), PCBs are continually released
from environmental reservoirs and undergo long–range transport. In developing
countries, additional sources include leakages from obsolete transformer oil and e–
waste that originate from illegal transboundary movement of electronic material
[43].
Pollution from plastics is a growing worldwide concern. Plastics are major sources
of phthalates, like DEHP, that are usually added to improve flexibility. Worldwide
production of phthalates increased from 2 to 5.5 million tons from the 1980s to 2000
but the trend has now decreased, for instance to 221000 tons of DEHP in 2004
in western Europe [184]. Owing to its extensive usage, DEHP has been detected
worldwide in surface waters (0.013–18.5 mg/L), wastewater (0.716–122 mg/L), land-
fill leachate (88–460 mg/L), sludge (12–1250 mg/kg), soil (2–10 mg/kg) [184].
2.2 Monitoring for EDCs and HOCs in the envi-
ronment
Research into EDCs and other HOCs is growing tremendously due to the existence
of large data and knowledge gaps. Research fields can be categorized as follows: de-
velopment and/or improvement of chemical and bioanalytical methods, development
and application of novel sampling techniques to determine concentrations (C total,
C sorbed, C free) in environmental matrices and modification of treatment/remediation
technologies.
Several treatment/remediation technologies have been developed and applied for the
removal of EDCs and HOCs from water despite inconsistencies in efficiency due to
heterogeneity in properties of matrices and the compounds [28]. Some technolo-
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gies include chlorination, ozonation, supercritical fluid extraction, adsorption using
granular activated carbon and separation using micro–, ultra– and nano–filtration
membranes such as PES.
Bioanalytical methods encompass the use of biosensors or biological assays to pro-
vide qualitative or quantitative information. Biosensors combine biological material
(e.g. cell receptors, enzymes, antibodies) with a physicochemical detector. The de-
tector operates for instance by optical or electrochemical means to transform the
signal resulting from interaction of the analyte with the biological material into
another easily readable and quantifiable signal. An example is an amperometric
biosensor containing antibodies as biorecognition element for the detection of estra-
diol and atrazine [127]. On the other hand, correlation of exposure to EDCs and
resultant health effects in humans and wildlife is still debatable. Attempts at es-
tablishing cause–effect relationships have therefore been made using different types
of biological assays. The mechanisms involved in the biological assays to determine
EDCs include cell proliferation, ligand binding, vitellogenin induction, and antigen–
antibody interactions [28]. Examples of biological assays are whole organism assays
e.g. transgenic zebrafish, cellular bioassays such as luciferase and non–cellular bioas-
says, e.g. the enzyme-linked immunosorbent assays.
Chemical methods relying on mass–based analytical devices, namely mass spectrom-
etry (MS), have widely been used to quantify EDCs and HOCs in environmental
matrices. Depending on the analyte properties, various combinations of instru-
ments can be used such as high performance liquid chromatography coupled with
mass spectrometry (HPLC–MS) and gas or liquid chromatography coupled with
mass spectrometry (LC-MS, GC–MS) or tandem mass spectrometry (LC–MS/MS,
GC–MS/MS).
Although the chemical methods are unequivocal in terms of sensitivity and precision,
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their performance is heavily dependent on reliable sample extraction and pretreat-
ment given that EDCs and HOCs occur in the environment at low concentrations.
Grab sampling has conventionally been used as a sample preparation technique.
However, the inherent artefacts associated with grab sampling that may lead to
false negatives has led to the development of a novel monitoring technique termed
passive sampling. In this research, passive sampling was applied to monitor EDCs
and HOCs in water and sediments in a tropical river system and also in determin-
ing their fate. The principles of operation and applications of passive sampling are
discussed in the following sections.
2.3 Application of passive sampling in environ-
mental monitoring of EDCs and HOCs
2.3.1 Passive versus grab sampling
Grab sampling involves the capture and removal of an aliquot of water from the
environmental, usually 1L, for ex situ analysis. This implies that large volumes
of water need to be collected, transported and analyzed. The analysis yields total
concentrations in the aliquot that comprises both freely dissolved and sorbed concen-
trations. The information generated represents that of a single point in time, which
may over-represent true environmental concentrations if the aliquot was captured
during an episodic event and vice versa.
Passive sampling involves the free flow of compounds from the water phase to an
engineered phase as a function of the differences in chemical potential or fugacity
between the two phases. No mechanical work is involved in the movement of the
compound between the phases. Passive samplers pre-concentrate the compounds in
situ by acting as the preferred partitioning phase and generate information about
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freely dissolved concentrations over an extended period. In most cases, low detection
limits are achieved since large volumes of water are sampled.
Environmental quality standards (EQS) are developed from concentrations of whole
water samples as generated by grab sampling [39]. Thus passive sampling cannot
at the moment be used to generate EQS but is recommended by regulatory frame-
works as a complementary monitoring tool [40]. Nevertheless, passive sampling is a
valuable monitoring procedure as it yields information over a longer duration than
grab sampling and can therefore be used as a screening tool to identify pollutants at
low environmental concentrations or when the pollution source is intermittent, or in
trend monitoring where it can serve as an early warning tool [99]. In addition, pas-
sive samplers are attractive for monitoring in remote regions or those with minimal
infrastructure as they are easier to deploy and can be stored for longer durations
prior to analysis as compared to grab samples.
2.3.2 Uptake process during passive sampling
Passive sampling is based on diffusive mass transfer of an organic compound to and
from an ambient fluid (environmental phase) to a passive sampling device (PSD)
(an engineered sampling or receiving phase) that is in contact with it. As such, only
freely dissolved compounds are accumulated by the PSD. The PSD is exposed to the
environmental medium for a user-defined period, and accumulates compounds from
the medium in a non-depletive mode until thermodynamic equilibrium is achieved
or until the PSD is removed. Mass transfer is based on the differences in chemical
potential between two phases. Diffusive mass transfer into the PSD follows Fick’s
law that relates the flux [jx, (ng/d)] in the x–direction of a given phase (i), to the
concentration gradient between the end points of that phase [23]. The flux across the
phase is proportional to the chemical diffusivity, Di (m2/d), and the concentration
gradient, δC/δx, where C (ng/m3) is the concentration, and x (m) is the distance
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kR
T?b2 Bb T`QTQ`iBQMH iQ Dw2/3- i?2`27Q`2 kw = FDw2/3- r?2`2 F Bb  T`QTQ`iBQMHBiv










:2M2`HHv- i HQr ~Qr `i2b U<R +KfbV- KQ/2`i2Hv iQ ?B;?Hv ?v/`QT?Q#B+ +QK@
TQmM/b `2 mM/2` q"G +QMi`QH r?BH2 i?2 H2bb ?v/`QT?Q#B+ UHQ; KQr < 4.5V `2
mM/2` K2K#`M2 +QMi`QH (eR)X PM i?2 Qi?2` ?M/- +QKTQmM/b rBi? ?B;? /BzmbBQM
+Q2{+B2Mib BM i?2 Sa. 2tT2`B2M+2 HQr `2bBbiM+2 (RjR)X .BzmbBp2 Kbb i`Mb72` Bb
i?2`27Q`2 QTiBKH i HQr `2bBbiM+2b- i?i Bb- rBi?  i?BM q"G M/ ?B;? /BzmbBpBiv BM
i?2 Sa. M/ +M #2 +QMi`QHH2/ #v b2H2+iBM;  Sa. rBi? bm{+B2MiHv ?B;? /BzmbBpBiv
Q7 i?2 +QKTQmM/b Q7 BMi2`2bi M/ #v /2THQvBM; i?2 Sa. BM HQ+iBQMb rBi? ?B;? ~Qr
`i2b UR +KfbVX
:Bp2M ri2` b i?2 K2/BmK Q7 BMi2`2bi- i?2 mTiF2 Q7 M MHvi2 7`QK ri2` QMiQ
 Sa. Q++m`b #v ~mt2b i?`Qm;? i?2 i?`22 BMi2`T?b2b b?QrM BM };m`2 kXR- M/ Bb 
i?`22@T?b2/ T`Q+2bb i?i 7QHHQrb }`bi Q`/2` FBM2iB+b U};m`2 kXkV (kj)X b b?QrM BM
};m`2 kXk- i?2 ++mKmHiBQM Q7  +?2KB+H BM i?2 Sa. mMiBH 2[mBHB#`BmK 7QHHQrb 
+m`pBHBM2` TT`Q+? (kj)X i i?2 BMBiBH bi;2- i2`K2/ i?2 HBM2` Q` FBM2iB+ T?b2-
Kbb i`Mb72` T`Q+22/b mMB/B`2+iBQMHHv iQ i?2 Sa. r?B+? Bb +QMbB/2`2/ iQ #2 BM x2`Q@
bBMF +QM/BiBQM M/ +ib b i?2 T`272``2/ T`iBiBQMBM; T?b2 (kR)X b i?2 ++mKmHi2/
KQmMib BM i?2 Sa. BM+`2b2- #Qi? bQ`TiBQM M/ /2bQ`TiBQM bi`i iQ Q++m` U+m`pBHBM@
2` T?b2 BM };m`2 kXkV M/ i?Bb T`Q+2bb T`Q+22/b mMiBH i?2`KQ/vMKB+ 2[mBHB#`BmK Bb
+?B2p2/ i r?B+? TQBMi bQ`TiBQM M/ /2bQ`TiBQM T`Q+2bb2b `2 TT`QtBKi2Hv 2[mHHv
7biX
1[mBHB#`iBQM iBK2b /Bz2` rBi? i?2 bKTH2` +?`+i2`BbiB+b- T`iBiBQM +Q2{+B2Mib M/
?v/`Q/vMKB+b M/ +M `M;2 7`QK ?Qm`b iQ v2`bX a?Q`i 2[mBHB#`iBQM iBK2b Q7 ?Qm`b
iQ /vb `2~2+i ?B;? ri2` ~Qr `i2b- HQr T`iBiBQM +Q2{+B2Mib- M/ ?B;? bm`7+2 `2
iQ pQHmK2 `iBQb Q7 i?2 bKTH2` (kR)X "v +QMi`bi- 2[mBHB#`BmK iiBMK2Mi +M iF2
kk
KQMi?b iQ v2`b 7Q` ?B;?Hv ?v/`QT?Q#B+ +QKTQmM/b M/ 7Q` i?B+F MQMTQH` Sa.b Q`



















6B;m`2 kXk, M BHHmbi`iBQM Q7 i?2 T?b2b BMpQHp2/ /m`BM; i?2 mTiF2 Q7 M Q`;MB+
+QKTQmM/ 7`QK i?2 [m2Qmb T?b2 QMiQ  Sa.X
kXjXj 6B`biĜQ`/2` KQ/2H 7Q` 2biBKiBM; i?2 mTiF2 Q7 M Q`@
;MB+ +QKTQmM/ 7`QK i?2 [m2Qmb T?b2 iQ  Sa.
h?2 `i2 Q7 +?M;2 Q7 bQHmi2 +QM+2Mi`iBQM BM i?2 Sa. UdCp/dtV Bb BMp2`b2Hv T`QTQ`@
iBQMH iQ Bib i?B+FM2bb- 1/δp = A/V X lbBM; i?Bb `2HiBQM M/ 2[miBQM kXe- i?2 `i2













r?2`2 M/ A UKkV M/ o UKjV `2 i?2 Sa. bm`7+2 `2 M/ pQHmK2 `2bT2+iBp2HvX
aBM+2 i?2 Sa. Kbb (K- UF;V) M/ pQHmK2 `2 T`QTQ`iBQMH- Kbb +M #2 mb2/ BM
kj










bbmKBM; +QMbiMiCr M/ x2`Q BMBiBH +QM+2Mi`iBQM- i?2 2pQHmiBQM Q7 MHvi2 KQmMib
++mKmHi2/ BM i?2 TQHvK2`B+ bQ`#2Mi Bb /2i2`KBM2/ #v  bQHmiBQM iQ 2[miBQM kXRk






r?2`2 t U/V Bb i?2 iBK2 M/ k2t Bb i?2 2t+?M;2 `i2 Q7 M Q`;MB+ +?2KB+H #2ir22M








r?2`2 Rb UGf/V Bb i?2 bKTHBM; `i2- i?i Bb- i?2 pQHmK2 Q7 ri2` +H2`2/ T2` /vX
6`QK 2[miBQM kXR9- Rs = koAX ++Q`/BM;Hv- Rb +M #2 /2i2`KBM2/ i?2Q`2iB+HHv #v









DT 7Q` bQK2 Sa.b ?p2 #22M /2p2HQT2/ M/ pHm2b `2 pBH#H2 BM HBi2`im`2 (Rjk)X
.r Bb /B{+mHi iQ /2i2`KBM2 2tT2`BK2MiHHv #mi i?2`2 `2 KQ/2Hb mb2/ 7Q` Bib 2biB@








:Bp2M Nt = Cpm r?2`2 Ni Uƒ;fF;V Bb i?2 KQmMi Q7 MHvi2 bQ`#2/ QMiQ i?2 TQHvK2`










kXjX9 EBM2iB+ M/ 2[mBHB#`BmK bKTHBM;






BM 2[miBQM kXRd TT`QtBKi2b RsKpwmt- M/ QM bm#biBimiBQM M/ `2``M;BM;- i?2 2[m@
iBQM `2/m+2b iQ,
Nt ≈CwRst UkXR3V
AM i?Bb +b2- i?2 bQ`TiBQM T`Q+2bb Bb QT2`iBM; BM i?2 FBM2iB+ `2;BK2 bBM+2 Nt ∝ t- M/
i?2`27Q`2 mTiF2 Bb HBM2` M/ iBK2@BMi2;`iBp2X i HQM; 2tTQbm`2 /m`iBQM Ukex  1V
Q` 7Q` +QKTQmM/b i?i `2+? 2[mBHB#`BmK rBi?BM  b?Q`i BMi2`pH Q7 iBK2- i?2 mTiF2






≈ 1X >2M+2 2[miBQM kXRd
`2/m+2b iQ,
Nt =CwKpwm UkXRNV
kXjX8 .2i2`KBMiBQM Q7 ETr M/ _b
SbbBp2 bKTHBM; ii2KTib iQ /2i2`KBM2 Cr #v bQHpBM; 2[miBQM kXRd mbBM; bQ`#2/
MHvi2 KQmMib- Rb M/ ETrX h?2 Hii2` irQ T`K2i2`b `2 mbmHHv /2i2`KBM2/ BM
 +HB#`iBQM T`Q+2bb i?i BMpQHp2b 2[mBHB#`iBQM Q7 Sa.b rBi? +QMiKBMi2/ ri2`
BM QM2 Qmi Q7 i?`22 TQbbB#H2 H#Q`iQ`v 2tT2`BK2MiH /2bB;Mb, biiB+ 2tTQbm`2- biiB+
`2M2rH M/ +QMiBMmQmb ~Qr@i?`Qm;?X q?BH2 T`Q/m+BM; pHB/ `2bmHib- 2+? Q7 i?2b2
K2i?Q/b ?b Bib /pMi;2b M/ /Bb/pMi;2b- M/ i?2 +?QB+2 Q7  T`iB+mH` K2i?Q/
rBHH /2T2M/ QM iBK2 M/ BMbi`mK2MiH pBH#BHBivX
KTr Bb i?2M +H+mHi2/ #v 2KTHQvBM; 2[miBQM kX8 mbBM; i?2 KQmMib bQ`#2/ QMiQ i?2
Sa. i 2[mBHB#`BmK U*TV M/ [m2Qmb +QM+2Mi`iBQMb U*rVX h?Bb 2[miBQM bbmK2b
i?i 2[mBHB#`BmK #2ir22M i?2 ri2` M/ bKTH2` T?b2b ?b #22M iiBM2/X Hi2`@
MiBp2Hv- KTr +M HbQ #2 2KTB`B+HHv /2i2`KBM2/ mbBM; mTiF2 UFmV M/ 2HBKBMiBQM
k8





h?2 BMBiBH T?b2 Q7 i?2 bKTHBM; T`Q+2bb i2`K2/ i?2 FBM2iB+ T?b2 U6B;m`2 kXkV
TT`Q+?2b HBM2`Biv M/ Q++m`b BM i?2 /m`iBQM r?2M t < t 1
2
- r?2`2 t 1
2
Bb i?2 iBK2 i
r?B+? i?2 bQ`#2Mi `2+?2b 8yW Q7 Bib 2[mBHB#`BmK +QM+2Mi`iBQM (RR8)X lbBM; THQib Q7
CT ;BMbi *r- mTiF2 `i2b BM i?Bb T?b2 +M i?2M #2 2biBKi2/ #v HBM2` `2;`2bbBQMX
h?2Q`2iB+HHv- i?2 mTT2`@#QmM/ iBK2 HBKBi rBi?BM r?B+? i?2 HBM2` `2;`2bbBQM KQ/2H







Hi2`MiBp2Hv- Rb +M #2 /2i2`KBM2/ #v +HB#`iBM; i?2 Sa.b BM bBim mbBM; T2`7Q`@
KM+2 `272`2M+2 +QKTQmM/b US_*bV (93- R9e)X h?2 mTiF2 Q7  +QKTQmM/ #v 
Sa. Bb z2+i2/ #v 2MpB`QMK2MiH 7+iQ`b BM+Hm/BM; i2KT2`im`2- ~Qr p2HQ+BiB2b M/
#BQ7QmHBM; (93)- ?2M+2 ;2M2`HHv- i?2`2 `2 p`B#BHBiB2b #2ir22M H#Q`iQ`v M/ }2H/
bBimiBQMbX h?2`27Q`2 S_*b ?p2 #22M mb2/ iQ +Q``2+i i?2 BM+QMbBbi2M+v iQ BKT`Qp2
i?2 pHB/Biv Q7 2biBKi2/ *rX S_*b `2 2Bi?2` +?2KB+Hb i?i `2 mbmHHv MQi 7QmM/
BM i?2 }2H/ Q` BbQiQTB+HHv H#2H2/ +QKTQmM/b M/ `2 bTBF2/ QMiQ i?2 Sa.b T`BQ` iQ
/2THQvK2MiX h?2 S_*b KQmMib #27Q`2 UNQ V M/ 7i2` UNi-S_* V 2tTQbm`2 `2 i?2M
mb2/ iQ 2biBKi2 i?2 /BbbBTiBQM `i2 +QMbiMi 7Q` i?2 S_*b b (R9e) Ub22 b2+iBQM "

















r?2`2 f `2T`2b2Mib i?2 7`+iBQM Q7 `2KBMBM; S_*b- M i?2 KQH` Kbb M/ B i?2
T`QTQ`iBQMHBiv +QMbiMi i?i Bb /2T2M/2Mi QM i?2 ?v/`Q/vMKB+bX bbmKBM; i?i
i?2 /BbbBTiBQM Q7  S_* M/ i?2 mTiF2 Q7 M MHQ;Qmb MHvi2 Bb BbQiQTB+- 2[m@
iBQM kXkk Bb bQHp2/ 7Q` i?2 /BbbBTiBQM `i2 Q7 i?2 S_*b #v MQM@HBM2` H2bi b[m`2b
ke
`2;`2bbBQM M/ mb2/ iQ BM72` i?2 Rb Q7 M MHvi2 (R9e)X h?2 +H+mHi2/ Rb `2 i?2M
bm#biBimi2/ BM 2[miBQM kXRd iQ /2i2`KBM2 *rX
kXjXe 1biBKiBQM Q7 ETr M/ _b
Ai Bb BKT`+iB+H 7Q`  +HB#`iBQM 2tT2`BK2Mi iQ BM+Hm/2 HH i?2 TQbbB#H2 +QKTQmM/b
i?i +M #2 7QmM/ BM i?2 2MpB`QMK2Mi /m2 iQ T`Q?B#BiBp2 iBK2 M/ +Qbi BKTHB+iBQMbX
>Qr2p2`- FMQrM KTr Q` Rb pHm2b Q7 bQK2 +QKTQmM/b +M #2 +Q``2Hi2/ iQ i?2B`
T?vbB+Q+?2KB+H T`QT2`iB2b M/ i?2 +Q``2HiBQMb +M i?2M #2 mb2/ iQ +H+mHi2 i?2
pHm2b 7Q` Qi?2` +QKTQmM/b rBi?BM i?2 bK2 ;`QmTX P+iMQHĜri2` T`iBiBQM +Q27@
}+B2Mib UHQ; EQrV ?p2 ivTB+HHv #22M mb2/ Hi?Qm;? i?2v Kv ?p2 M mM+2`iBMiv
Q7 #Qmi yXk HQ; mMBib 2t+2Ti i?Qb2 i?i ?p2 #22M QTiBKBx2/ 7Q` i?2`KQ/vMKB+
+QMbBbi2M+v (38)X JQH` Kbb2b ?p2 HbQ #22M mb2/ BM +Q``2HiBQM (Rjk)X AM //BiBQM-
KTr +M #2 2biBKi2/ mbBM; TQHvT`K2i2` HBM2` 7`22 2M2`;v `2HiBQMb?BTb (je)X
kXjXd S`QT2`iB2b Q7 S1a BM `2HiBQM iQ Bib mTiF2 Q7 >P*b
S1a Bb  ?v/`QT?Q#B+ bvMi?2iB+ TQHvK2` r?Qb2 bi`m+im`2 +QMbBbib Q7 /B`vH bmH7QM2
;`QmTb HBMF2/ i?`Qm;? M 2i?2` BM  `2T2iBM; b2[m2M+2 U};m`2 kXjVX h?2 `QKiB+
;`QmTb HBKBi i?2 +?BM KQ#BHBiv M/ /2i2`KBM2 i?2 K2K#`M2 T`QT2`iB2b 7Q` r?B+?
Bi Bb rB/2Hv mb2/- MK2Hv K2+?MB+H- i?2`KH- ?v/`QHviB+ M/ +?2KB+H bi#BHBiv b
2pB/2M+2/ #v  ?B;? ;Hbb i`MbBiBQM i2KT2`im`2 UT ; V Q7 kk8 ◦* (ke)X >Qr2p2`- i?2
?v/`QT?Q#B+ Mim`2 Q7 S1a KF2b Bi T`QM2 iQ #BQ7QmHBM;- ?2M+2 i?2 K2K#`M2 Bb
+QKKQMHv KQ/B}2/ #v /Bz2`2Mi i2+?MQHQ;B2b mbBM; ?v/`QT?BHB+ //BiBp2bX JQ/B}2/
S1a ?b  H`;2 +T+Biv 7Q` ?v/`Q;2M #QM/BM; rBi? ri2` (Rj3)- r2ib Qmi [mB+FHv
M/ Bb H2bb T`QM2 iQ #BQ7QmHBM; (R3j)X h?2 #bB+ S1a ?b  /2MbBiv Q7 RXjd ;f+Kj
(R9)-  7`+iBQMH 7`22 pQHmK2 Q7 yXR8R (Rj3) M/  bQHm#BHBiv T`K2i2`- δS Q7 RyX3
U+Hf+KjV1/2 (8k)X
kd
S1a K2K#`M2b mb2/ BM i?Bb bim/v UamTQ`ȉ@kyy V r2`2 ~i b?22ib bQH/ b  `QHH UjK
× yXk89K × R98 ƒKV M/ bmTTHB2/ #v SHH *Q`TQ`iBQM US2Mb+QH- laVX h?2v
`2 ?v/`QT?BHB+- M/ TQHv2i?vH2M2 ;Hv+QH US1:V U};m`2 kXj#V Bb mb2/ iQ BKT`Qp2 i?2
r2iiBM; T`QT2`iB2b (9N)X h?2 K2K#`M2b `2 TQ`Qmb UyXk ƒK p2`;2 TQ`2 bBx2V b
b?QrM BM };m`2 kX9X
lTiF2 Q7 +QKTQmM/b 7`QK i?2 [m2Qmb T?b2 BMiQ TQ`Qmb Sa.b Kv 7QHHQr /Bz2`2Mi
Ti?rvbfK2+?MBbKb i?M i?Qb2 BM +HbbB+H Sa.b bm+? i?i i?2 }`biĜQ`/2` mTiF2
KQ/2H /2b+`B#2/ #Qp2 U2[miBQM kXRdV Kv MQi #2 TTHB+#H2X 6B`bi- i?2 BM~m2M+2
Q7 i?2 TQ`Qmb bi`m+im`2 Q7 i?2b2 Sa.b QM i?2B` mTiF2 T`Q+2bb2b 7Q` >P*b rBHH #2
/2b+`B#2/ HQM;bB/2 i?2 +HbbB+H Sa.bX h?2`27i2`- bmBi#H2 KQ/2Hb 7Q` /2b+`B#BM;
i?2 mTiF2 K2+?MBbKb BMiQ i?2 TQ`Qmb K2K#`M2b rBHH #2 ?B;?HB;?i2/X S1a rBHH #2
/Bb+mbb2/ b M 2tKTH2 Q7  TQ`Qmb K2K#`M2- M/ `272`2M+2 Bb /`rM iQ Bib
UV U#V
6B;m`2 kXj, :2M2`H bi`m+im`2b Q7 UV TQHv2i?2`bmH7QM2 M/ U#V TQHv2i?vH2M2 ;Hv+QHX
UV U#V
6B;m`2 kX9, a1J KB+`Q;`T?b Q7 THM2 7+2b Q7 mMmb2/ S1a K2K#`M2b i UV Ry ƒK
M/ U#V jyy MKX h?2 KB+`Q;`T?b r2`2 T`Q/m+2/ +Qm`i2bv Q7 S`QoAa- l6w G2BTxB;X
k3
bi`m+im`2 b b?QrM BM };m`2 kX9X
SQHvK2`B+ bQ`#2Mib ;2M2`HHv +QMbBbi Q7 +`vbiHHBM2 M/ KQ`T?Qmb `2;BQMbX h?2
KQ`T?Qmb `2;BQM Bb +?`+i2`Bx2/ QM i?2 #bBb Q7 Bib BMi2`MH bi`m+im`2 b 2Bi?2`
;Hbbv Q` `m##2`v- M/ i?Bb HbQ 7Q`Kb i?2 #bBb 7Q` +HbbB}+iBQM Q7  TQHvK2` BM
2Bi?2` Q7 i?2 irQ +i2;Q`B2b (R83)X q?2i?2`  TQHvK2` Bb ;Hbbv Q` `m##2`v +M #2
;m;2/ #v +QMbB/2`BM; i?2 ;Hbb i`MbBiBQM i2KT2`im`2- r?2`2  `m##2`v TQHvK2` Bb
QM2 i?i 2tBbib #Qp2 Bib T ; i `QQK i2KT2`im`2 U2X; bBHB+QM2 `m##2`- T ;=−125◦CV-
M/  ;Hbbv TQHvK2` 2tBbib #2HQr Bib T ; U2X; S1a- T ; = 225◦CVX _m##2`v TQHvK2`b
?p2 M #mM/M+2 Q7 KQ`T?Qmb `2;BQMb i?i `2 HQQb2 M/ ~2tB#H2 /m2 iQ `M/QKHv
``M;2/ KQH2+mH2b M/ +M 2tTM/ iQ ++QKKQ/i2  bQ`#i2X h?2 KQ`T?Qmb
`2;BQMb `2 i?2 KBM bQ`TiBQM bBi2b 7Q` >P*b BM `m##2`v TQHvK2`bX :Hbbv TQHvK2`b
`2 M KH;K Q7 KQ`T?Qmb M/ +QM/2Mb2/ ;Hbbv T?b2b i?i +QMiBM ?QH2bfTQ`2bX
h?mb- bQ`TiBQM bBi2b BM ;Hbbv TQHvK2`b //BiBQMHHv BMpQHp2 ?QH2bfTQ`2bX
AM 2bb2M+2- bBHB+QM2 `m##2` +QMiBMb M #mM/M+2 Q7 KQ`T?Qmb `2;BQMb i?i `2/BHv
mM/2`;Q `2``M;2K2Mi BM i?2 T`2b2M+2 Q7  bQ`#i2 #v bTQMiM2Qmb 2tTMbBQM M/
`2HtiBQM- M/ +M i?2`27Q`2 #2 pB2r2/ i?2`KQ/vMKB+HHv b  bmBi#H2 HB[mB/ T?b2
i?i HHQrb  +?2KB+H iQ /Bzmb2 i?`Qm;? Bi- BM  T`iBiBQMBM; T`Q+2bbX PM i?2 Qi?2`
?M/- i?2 ?B;? T ; Q7 S1a BKTHB2b biBz2` +?BMb M/ bi`QM;2` BMi2`KQH2+mH` BMi2`+@
iBQMb BM //BiBQM iQ bi2`B+ ?BM/`M+2 iQ #QM/ `QiiBQMb `2bmHiBM; 7`QK i?2 Q++m``2M+2
Q7 T?2MvH `BM;b BM Bib #+F#QM2 (Rj9)X h?Bb K2Mb i?i mMHBF2 bBHB+QM2 `m##2`- r?Qb2
TQHvK2` +?BMb `2 ~2tB#H2- S1a Bb +?`+i2`Bb2/ #v  `B;B/ +QM/2Mb2/ bi`m+im`2-
r?2`2#v i?2 b2;K2MiH KQ#BHBiv Q7 TQHvK2` +?BMb Bb HBKBi2/ M/ `2 i?2`27Q`2 MQi
`2/BHv K2M#H2 7Q` `2``M;2K2Mi BM i?2 T`2b2M+2 Q7  bQ`#i2X AM //BiBQM- i?2
`B;B/ bi`m+im`2 Q7 S1a `2bmHib BM i?2 2tBbi2M+2 Q7 TQ`2b- i?i `2 HBKBi2/ BM MmK#2`-
`2 MQi mMB7Q`K BM bBx2 U+QMbBbib Q7 K2bQĜ M/ KB+`QĜTQ`2bV- M/ bTM  `M;2 Q7
bi2`B+ M/ 2H2+i`QMB+ +?`+i2`BbiB+b U};m`2 kX9V (RdN)X h?Bb BKTHB2b i?i bQ`TiBQM Q7
>P*b iQ S1a Kv #2 i?`Qm;?  +QK#BMiBQM Q7 bQ`TiBQM iQ i?2 KQ`T?Qmb `2;BQMb
kN
UT`iBiBQMBM;V M/ TQ`2Ĝ}HHBM; UMQM@HBM2` /bQ`TiBQMV K2+?MBbKb- M/ +QMbB/2`BM;
i?2 r2HH +QMM2+i2/ TQ`2b M/ i?i i?2 S1a K2K#`M2 Bb r2ii#H2- Bi Bb TQbbB#H2 i?i
i?2 TQ`2b }HH mT 2bBHv (R83- RdN)X
.BzmbBQM T`Q+2bb2b i?`Qm;? r?B+? +QKTQmM/b KQp2 7`QK i?2 [m2Qmb T?b2 BMiQ
S1a BMpQHp2 #mHF HB[mB/ /BzmbBQM- /BzmbBQM i?`Qm;? i?2 ri2`Ĝ#QmM/`v Hv2`- TQ`2
/BzmbBQM- M/ Ki`Bt /BzmbBQM U};m`2 kX8V (Rd)X h?2 i?B+FM2bb Q7 i?2 ri2` #QmM/@
`v Hv2` Bb mbmHHv `2/m+2/ i?`Qm;? ;BiiBQM Q7 i?2 2tT2`BK2MiH b2iĜmT M/ #v
}2H/ /2THQvK2Mi BM bmBi#H2 HQ+iBQMb rBi? bm{+B2Mi ~Qr `i2bX h?Bb H2p2b Ki`Bt
UK2K#`M2V /BzmbBQM M/ TQ`2 /BzmbBQM b i?2 `i2 HBKBiBM; T`Q+2bb2b (RR3)X Ji`Bt
/BzmbBQM Q++m`b BM T2M2i`#H2 bQHB/ T?b2b UKQ`T?Qmb /QKBMbV r?BH2 TQ`2 /Bzm@
bBQM Q++m`b i i?2 bm`7+2 Q7 i?2 TQ`2 M/fQ` BM ǳTQ`2 Q` pB+BMHǴ ri2` (RR3)X h?2
MmK2`Qmb TQ`2b U};m`2 kX9V `2bmHi BM #mM/Mi bQ`TiBQM bBi2bX h?2 TQ`2b M/fQ`
mM`2Ht2/ 7`22 pQHmK2 `2;BQMb U7`+iBQMH 7`22 pQHmK2 Q7 yXR8RV 2M?M+2 i?2 bQ`T@
iBQM Q7 >P*b bBM+2 i?2 M``Qr TQ`2b Qz2` KmHiBTH2 +QMi+i TQBMib rBi?BM i?2 S1a
Ki`Bt 7Q` i?2 bQ`#i2- H2/BM; iQ ?2B;?i2M2/ bQ`TiBQM 2M2`;B2b (Rj9- Rj3)X i HQr@
T?b2 +QM+2Mi`iBQMb U<RĜRX8W Q7 [m2Qmb bQHm#BHBivV- >P*b bQ`# 7pQm`#Hv iQ
i?2b2 ?B;? 2M2`;v bBi2b bBM+2 i?2v ?p2 i?2 bi`QM;2bi {MBiv 7Q` i?2 +QKTQmM/b-
M/ b i?2 ?B;?Ĝ{MBiv `2;BQMb #2+QK2 bim`i2/- bQ`TiBQM Bb i?2M HBKBi2/ iQ H2bb
bi`QM;Hv bQ`#BM; UKQ`T?QmbV `2;BQMb (R83)X h?2 T`2b2M+2 Q7 //BiBQMH ?B;?Ĝ2M2`;v
bQ`TiBQM bBi2b BM ;Hbbv TQHvK2`b ;Bp2b i?2K  ?B;?2` bQ`TiBp2 +T+Biv 7Q` >P*b
i?M `m##2`v TQHvK2`bX AM/22/- BM M bb2bbK2Mi Q7 p`BQmb THbiB+b- a[mBM; 2i HX
(Rj9) 7QmM/ i?i i HQr [m2Qmb@T?b2 +QM+2Mi`iBQMb U<Ry ƒ;fGV- ;Hbbv THbiB+b
UTQHvpBMvH +?HQ`B/2- So*- ETr43yNXkGfƒ;V 2t?B#Bi2/ ?B;?2` T`iBiBQM +Q2{+B2Mib
7Q` iQHm2M2 i?M i?2 `m##2`v THbiB+b UTQHv2i?vH2M2b- S1b- ETr4dyXdĜRkjXRGfƒ;VX
h?Bb BM/B+i2b i?i ;Hbbv TQHvK2`b ?p2 ?B;?2` +T+BiB2b i?M `m##2`v QM2b- bm+?
i?i mTiF2 Q7 +QKTQmM/b BMiQ i?2 ;Hbbv TQHvK2`b rBi?BM i?2 b?Q`iĜi2`K H#Q`iQ`v
2tT2`BK2Mi Q` }2H/ +KTB;M rBHH ;2M2`HHv `2KBM BM i?2 HBM2` T?b2 Ub22 };m`2
kXkVX h?2`27Q`2- QrBM; iQ i?2 //BiBQMH bQ`TiBQM bBi2b- mTiF2 Q7 >P*b BM S1a Kv
jy
MQi 7QHHQr i?2 bK2 }`biĜQ`/2` bQ`TiBQM FBM2iB+b b BM bBHB+QM2 `m##2`X M 2tKTH2
Q7 i?2 mTiF2 T`Q+2bb 7Q`  S1a #H2M/ Bb /2b+`B#2/ #2HQrX
AM M bb2bbK2Mi Q7 ri2` bQ`TiBQM M/ i`MbTQ`i BM S1afTQHv2i?vHQtxQHBM2 #H2M/b-
a+?mHi M/ SmH (RjN) K/2 i?2 7QHHQrBM; Q#b2`piBQMb, BV bQ`TiBQMf/2bQ`TiBQM FBM2i@
B+b 7Q` S1a r2`2 ;2M2`HHv 6B+FBM- #mi  irQ@bi;2 bQ`TiBQM KQ/2 rb Q#b2`p2/ BM
#H2M/b +QMiBMBM; TQHv2i?vHQtxQHBM2-  TQH` //BiBp2 mb2/ iQ BKT`Qp2 S1a r2ii@
#BHBiv- BBV /BzmbBQM +Q2{+B2Mib /2+`2b2/ rBi? BM+`2bBM; TQHv2i?vHQtxQHBM2 +QMi2Mi-
/m2 iQ  /2+`2b2 BM i?2 7`+iBQMH 7`22 pQHmK2- M/ BBBV i?2 /BzmbBQM +Q2{+B2Mi rb
/2T2M/Mi QM ri2` pTQm` +iBpBiv /m2 iQ THbiB+BxiBQM BM/m+2/ #v ?B;? H2p2Hb
Q7 bQ`#2/ ri2`- M/ i?2 /2T2M/2M+v BM+`2b2/ rBi? BM+`2b2 BM i?2 +QKTQbBiBQM
Q7 TQHv2i?vHQtxQHBM2X h?2 irQ@bi;2 bQ`TiBQM T`Q+2bb rb +?`+i2`Bx2/ #v `TB/
BMBiBH ri2` mTiF2 i?i rb +QMi`QHH2/ #v 6B+FBM FBM2iB+b- 7QHHQr2/ #v  bHQr2`
6B;m`2 kX8, lTiF2 T`Q+2bb2b 7Q`  >P* 7`QK i?2 ri2` T?b2 BMiQ  TQ`Qmb Sa.
HBF2 S1a K2K#`M2X V /BzmbBQM i?`Qm;? i?2 #mHF ri2` T?b2- q"G- M/ #BQ}HK-
#V S1a Ki`Bt /BzmbBQM- +V ri2`Ĝ}HH2/ TQ`2 /BzmbBQM- M/ /V bm`7+2 TQ`2 /BzmbBQMX
jR
TT`Q+? iQ 2[mBHB#`BmKX h?2 `2/m+iBQM BM mTiF2 `i2b rb ii`B#mi2/ iQ iBK2@
/2T2M/2Mi `2HtiBQMb Q7 i?2 TQHvK2` i?i +QMi`QHH2/ 7m`i?2` bQ`TiBQM- M/ r?B+?
r2`2 /`Bp2M #v bi`2bb2b +`2i2/ b  `2bmHi Q7 i?2 ;`/B2Mi Q7 ri2` BM i?2 }HK M/
7+BHBii2/ #v THbiB+BxiBQM i ?B;? ri2` +QM+2Mi`iBQMbX :Bp2M i?i TQHv2i?vH2M2
;Hv+QH b2`p2b i?2 bK2 7mM+iBQM b TQHv2i?vHQtxQHBM2- Bi Bb TQbbB#H2 i?i ri2` mT@
iF2 BM i?2 S1aĜTQHv2i?vH2M2 ;Hv+QH #H2M/ mb2/ BM i?Bb bim/v 7QHHQrb bBKBH` FBM2iB+b
M/ `i2ĜHBKBiBM; T`Q+2bb2bX
h?2 Qp2`HH Hr ;Qp2`MBM; +?2KB+H ++mKmHiBQM BM  TbbBp2 bKTH2` Bb mbmHHv
/2p2HQT2/ #v +QMbB/2`BM; QMHv i?2 `i2ĜHBKBiBM; T`Q+2bb (Rd)X *QMbB/2`BM; }`biĜ
Q`/2` mTiF2 2[miBQMb kXRd M/ kXR3 i?i `2 mb2/ 7Q` +H+mHiBQMb BMpQHpBM; KQbi
TbbBp2 bKTH2`b BM+Hm/BM; bBHB+QM2 `m##2`- i?2 HBKBiBM; T`Q+2bb2b +QMbB/2`2/ `2
K2K#`M2 Q` #QmM/`v Hv2` /BzmbBQM i?i `2 /2T2M/2Mi QM i?2B` i?B+FM2bbX b
H`2/v /Bb+mbb2/- mTiF2 K2+?MBbKb 7Q` >P*b BM i?2 ;Hbbv S1a `2 KQ`2 BMi`B+i2
i?M i?Qb2 BM `m##2`v TQHvK2`b HBF2 bBHB+QM2 `m##2`- M/ //BiBQMHHv BMpQHp2 TQ`2
/BzmbBQM b  `i2ĜHBKBiBM; bi2TX b HbQ /Bb+mbb2/- r?2M i?2 K2K#`M2 Bb /2THQv2/
BM 2tT2`BK2MiH Q` }2H/ +QM/BiBQMb i?i bm#biMiBHHv `2/m+2 i?2 i?B+FM2bb Q7 i?2
#QmM/`v Hv2`- i?2M i?Bb H2p2b K2K#`M2 U2bb2MiBHHv TQ`2V /BzmbBQM b i?2 `i2
HBKBiBM; T`Q+2bbX h?2`27Q`2- 2[miBQMb kXRd M/ kXR3 +QmH/ T2`?Tb #2 BM/2[mi2
7Q` /2b+`B#BM; i?2 mTiF2 FBM2iB+b BM S1aX
q?2M i?2 `i2ĜHBKBiBM; T`Q+2bb Bb /BzmbBQM BMiQ TQ`2b UBMi`T`iB+H2 /BzmbBQMV- i?2M
i?Bb ?b iQ #2 ++QmMi2/ 7Q` M/ +QMbB/2`2/ r?2M KQ/2HHBM; i?2 mTiF2 Q7 +?2KB@
+HbX o`BMib Q7 M BMi`T`iB+H2 /BzmbBQM KQ/2H Q`B;BMHHv /2p2HQT2/ #v q2#2` M/
JQ``Bb (Rdj) ?p2 #22M TTHB2/ iQ KQ/2H /bQ`TiBQM BM +v+HQ/2ti`BMĜTQHvbmH7QM2 (Re)
M/ SP*AaĜMvHQM (Rd) bKTH2`b- M/ `2 `2bT2+iBp2Hv ;Bp2M b,
nt = kid · t1/2+C UkXkjV
jk
nt = kid · tm UkXk9V
r?2`2 ni UM;f;V i?2 KQmMi Q7 +?2KB+H /bQ`#2/- kB/ UM;f;·/RfkV Q` UM;f;·/KV Bb i?2
BMi`T`iB+H2 /BzmbBQM +Q2{+B2Mi- i U/V Bb i?2 iBK2- K Bb  7mM+iBQM Q7 i?2 /bQ`TiBQM
K2+?MBbK- M/ * Bb  +QMbiMi i?i /2}M2b i?2 #QmM/`v 2z2+iX h?2 * pHm2 ?b
#22M TQbimHi2/ iQ `2~2+i i?2 2ti2Mi Q7 i?2 #QmM/`v Hv2` i?B+FM2bb M/ Bib BM~m2M+2
BM i?2 mTiF2 T`Q+2bb- r?2`2 i?2 H`;2` i?2 pHm2 Q7 *- i?2 ;`2i2` i?2 #QmM/`v
Hv2` 2z2+i (Rd3)X L2;iBp2 * pHm2b BKTHv  `2i`/iBQM Q7 BMi`T`iB+H2 /BzmbBQM-
TQbBiBp2 pHm2b BKTHv  `TB/ bQ`TiBQM T`Q+2bb BM i?2 b?Q`iĜi2`K /m`iBQM- M/ x2`Q
pHm2b +QMMQi2 BMi`T`iB+H2 /BzmbBQM b i?2 QMHv `i2ĜHBKBiBM; T`Q+2bb (Rd3)X K
/2}M2b i?2 7+iQ` i?i +QMi`QHb +?2KB+H ++mKmHiBQM BM i?2 K2K#`M2X 6B`bi@Q`/2`
++mKmHiBQM FBM2iB+b Q++m` r?2M m= 1- M/ m= 0.5 BKTHB2b BMi`T`iB+H2 /BzmbBQM
T`Q+2bb Bb i?2 QMHv 7+iQ` +QMi`QHHBM; ++mKmHiBQM- r?BH2 0.5<m< 1 BKTHB2b #Qi?
BMi`T`iB+H2 M/ }`bi@Q`/2` T`Q+2bb2b Q++m` +QM+m``2MiHv M/ 2+? T`iBHHv +QMi`QHb
i?2 ++mKmHiBQM T`Q+2bb (Rd)X 1[miBQMb kXkj M/ kXk9 `2 mb27mH BM 2Hm+B/iBM;
i?2 mTiF2 K2+?MBbKb- i?i Bb- i?2 HBKBiBM; T`Q+2bb2b- M/ +M #2 mb2/ iQ ;m;2
r?2i?2` Q` MQi }`biĜQ`/2` mTiF2 K2+?MBbKb ?QH/X
kXjX3 hvT2b Q7 Sa.b
Sa.b `2 #`Q/Hv +i2;Q`Bx2/ BM p`BQmb rvb /2T2M/BM; QM i?2 bKTHBM; T`BM+BTH2-
i?2 bKTH2/ K2/BmK M/ i?2 bKTH2` /2bB;MX
AM i2`Kb Q7 i?2 KBM mTiF2 T?b2 BMpQHp2/- Sa.b +M #2 +HbbB}2/ b 2[mBHB#`BmK Q`
BMi2;`iBp2 bKTH2`bX 1[mBHB#`BmK bKTH2`b ;2M2`HHv ?p2 HQr +T+BiB2b M/ b?Q`i
2[mBHB#`iBQM iBK2b M/ QT2`i2 BM i?2 2[mBHB#`BmK `2;BK2 Q7 i?2 mTiF2 +m`p2 U};m`2
kXkVX h?2v `2 BMi2M/2/ 7Q` i?2 /2i2`KBMiBQM Q7 i?2 2MpB`QMK2MiH +QM+2Mi`iBQM Q7
 +QKTQmM/ b  7mM+iBQM Q7 i?2 2[mBHB#`BmK +QM+2Mi`iBQM Q7 i?2 Sa.- M/ 2[miBQM
jj
kXRN TTHB2b (Nd- Rk3- Ree)X M 2tKTH2 Q7 M 2[mBHB#`BmK bKTH2` Bb i?2 bQHB/ T?b2
KB+`Q2ti`+iBQM UaSJ1V (Ry3)X AMi2;`iBp2 bKTH2`b T`QpB/2  iBK2@BMi2;`i2/ p2`@
;2 +QM+2Mi`iBQM Qp2` i?2 +QKTH2i2 bKTHBM; T2`BQ/ r?B+? +Qp2`b i?2 r?QH2 mTiF2
+m`p2 BM };m`2 kXk (Rk3)X 1MpB`QMK2MiH +QM+2Mi`iBQMb /2i2`KBM2/ mbBM; i?2b2 BM@
i2;`iBp2 bKTH2`b- HbQ +HH2/ FBM2iB+ bKTH2`b- `2 `272``2/ iQ b iBK2@r2B;?i2/
p2`;2 UhqV +QM+2Mi`iBQMb M/ `2 /2i2`KBM2/ mbBM; 2[miBQM kXRd (Ree)X hq
+QM+2Mi`iBQMb `2 ii`+iBp2 bBM+2 2TBbQ/B+ 2p2Mib i?i Kv #2 KBbb2/ Qmi /m`BM;
;`# bKTHBM; `2 +Tim`2/- M/ HQr /2i2+iBQM HBKBib `2 +?B2p2/ /m2 iQ bKTHBM;
Q7 H`;2 ri2` pQHmK2b (jk- Rk3- Ree)X 1tKTH2b Q7 BMi2;`iBp2 bKTH2`b BM+Hm/2 i?2
b2KBT2`K2#H2 K2K#`M2 /2pB+2 UaSJ.V (eR)- i?2 TQH` Q`;MB+ +?2KB+H BMi2;`@
iBp2 bKTH2` USP*AaV (d)- M/ bBHB+QM2 `m##2` Ua_V (R9e)X
*QMbB/2`BM; i?2 bKTH2` /2bB;M M/ i?2 ivT2 Q7 #``B2` #2ir22M i?2 bKTH2` M/ i?2
bKTH2/ K2/BmK- Sa.b +M #2 `2;`/2/ b /BzmbBQMĜ Q` T2`K2iBQMĜ#b2/ bKTH2`b
(98- Ree)X h?2 mTiF2 T`BM+BTH2 BM #Qi? ivT2b Bb i?2 bK2- i?i Bb- TbbBp2 /BzmbBQM
b  `2bmHi Q7 /Bz2`2M+2b BM +?2KB+H TQi2MiBH- M/ i?2v QMHv /Bz2` BM i?2B` 7Q`@
KibX lTiF2 BM /BzmbBQMĜ#b2/ Sa.b BMpQHp2 /BzmbBQM Q7  +QKTQmM/ i?`Qm;? 
bi;MMi Hv2` Q7 i?2 2MpB`QMK2MiH K2/BmK rBi? /2}M2/ /BK2MbBQMb M/ Bb HQ+i2/
#2ir22M i?2 QT2MBM; Q7  im#2 M/ i?2 `2+2BpBM; T?b2 i?i Bb BMbB/2 i?2 im#2X h?2
T2`K2iBQMĜ#b2/ Sa.b miBHBx2 /BzmbBQM i?`Qm;?  K2K#`M2 i?i +M #2 TQ`Qmb
Q` MQMTQ`Qmb (Ree)X h?Bb Hii2` ivT2 Q7 bKTH2`b `2 KQbiHv mb2/ BM ri2` KQMB@
iQ`BM;X h?2v +M #2 bBM;H2ĜT?b2/ B7 i?2 K2K#`M2 +ib b i?2 `2+2BpBM; T?b2 Q`
/mHĜT?b2/ B7 i?2 K2K#`M2 Bb HQ+i2/ #2ir22M i?2 2MpB`QMK2MiH K2/BmK M/ i?2
`2+2BpBM; T?b2X
kXjXN TTHB+iBQM Q7 Sa.b BM bm`7+2 ri2` KQMBiQ`BM;
_2b2`+? BMiQ Sa.b ?b BM+`2b2/ BM i?2 `2+2Mi Tbi rBi?  7Q+mb #2BM; QM }2H/
TTHB+iBQMb M/ i?2 /2p2HQTK2Mi Q7 rQ`FBM; T`BM+BTH2b Q7 M2r M/ 2tBbiBM; Sa.b
j9
(93)X a2p2`H Sa.b ?p2 #22M M/ `2 biBHH #2BM; /2p2HQT2/ iQ KQMBiQ` TQHHmiMib
Q7 /Bz2`2Mi ?v/`QT?Q#B+Biv UHQ; EQrV `M;2b rBi? bQK2 Qp2`HTTBM; BM i?2 ivT2 Q7
TQHHmiMib i?2v +M ++mKmHi2 M/ QMHv /Bz2`BM; BMMi2Hv M/fQ` QT2`iBQMHHvX
h?mb /2T2M/BM; QM i?2 2M/ ;QH M/ i?2 /2}M2/ KQMBiQ`BM; bi`i2;v- QM2 Q` KQ`2
Qmi Q7 b2p2`H Sa.b +M #2 TTHB2/X h?2 7QHHQrBM; 72r T`;`T?b /2b+`B#2 bQK2
Sa.b M/ ?B;?HB;?i i?2B` }2H/ TTHB+iBQMbX
h?2 b2KBT2`K2#H2 K2K#`M2 /2pB+2 UaSJ.V rb i?2 }`bi iQ #2 mb2/ QM  rB/2
b+H2 (ey- eR)X Ai Bb #BT?bB+ +QMbBbiBM; Q7 RKG bvMi?2iB+ i`BQH2BM 2M+HQb2/ BM  dyĜ
N8 ƒK i?B+F Hv@~i HQr /2MbBiv TQHv2i?vH2M2 UG.S1V K2K#`M2 BM im#mH` 7Q`KiX
h?2 G.S1 K2K#`M2 KBKB+b  #BQHQ;B+H K2K#`M2 M/ HHQrb b2H2+iBp2 /Bzm@
bBQM Q7 +QKTQmM/b BMiQ i?2 bvMi?2iB+ i`BQH2BM i?i KBKB+b #BQHQ;B+H ~mB/X Ai ?b
#22M mb2/ iQ KQMBiQ` ?2t+?HQ`Q#2Mx2M2 U>*"V- TQHv+v+HB+ `QKiB+ ?v/`Q+`#QMb
US>bV- TQHv+?HQ`BMi2/ #BT?2MvHb US*"bV (9)- TQHv+?HQ`BMi2/ /B#2MxQ/BQtBMb (dN)
M/ Q`;MQ+?HQ`BM2 +QMiKBMMib (j9)X
h?2 K2K#`M2@2M+HQb2/ bQ`TiBp2 +QiBM; UJ1a*PV bKTH2` Bb  +QK#BMiBQM Q7 Tb@
bBp2 bKTHBM; M/ biB` #` bQ`TiBp2 2ti`+iBQM Ua"a1V (RRR)X a"a1 Bb  bQHp2MiH2bb
2ti`+iBQM K2i?Q/ mbBM; i?2 MQp2H TQHv/BK2i?vHbBHQtM2 US.JaV@+Qi2/ hrBbi2`
U:2`bi2HV Q` bBHB+QM2 `Q/X h?2 bBHB+QM2 `Q/ Q` hrBbi2` Bb 2M+HQb2/ BM  G.S1 K2K@
#`M2 Q` /BHvbBb K2K#`M2 #; K/2 7`QK `2;2M2`i2/ +2HHmHQb2 M/ }HH2/ rBi?
#B@/BbiBHH2/ ri2`X h?2 K2K#`M2b HHQr /BzmbBQM Q7 QMHv /BbbQHp2/ bm#biM+2b iQ
i?2 #B@/BbiBHH2/ ri2` 7`QK r?B+? Q`;MB+ +QKTQmM/b `2 2ti`+i2/X J1a*P ?b
#22M TTHB2/ iQ KQMBiQ` Q`;MB+ TQHHmiMib HBF2 >*"- S>b- S*"b (9- Re3)X
Pi?2` #BT?bB+ bKTH2`b `2 i?2 TQH` Q`;MB+ +?2KB+H BMi2;`iBp2 bKTH2` USP*AaV
(d) M/ *?2K+i+?2` (dR)X SP*Aa +QMbBbib Q7  bQ`#2Mi Ki2`BH bM/rB+?2/ #2@
ir22M irQ K2K#`M2b- mbmHHv TQHv2i?2`bmH7QM2 US1aVX *?2K+i+?2` QM i?2 Qi?2`
?M/ ?b QM2 QT2M 7+2 r?B+? Kv Q` Kv MQi #2 +Qp2`2/ rBi?  K2K#`M2- 7Q` 2t@
j8
KTH2 G.S1 Q` S1a- /2T2M/BM; QM i?2 ;QH Q7 i?2 bKTHBM; T`Q+2bbX AM #Qi? +b2b-
i?2 K2K#`M2 +ib b i?2 bQ`#2Mi T`Qi2+iQ` M/ mTiF2 `i2 HBKBi2`X h?2 bQ`#2Mi Bb
b2H2+i2/ iQ bmBi i?2 +QMiKBMMib Q7 BMi2`2bi #mi KQbiHv- TQH` Q`;MB+ +QKTQmM/b `2
KQMBiQ`2/X 6Q` BMbiM+2- i?2 *?2K+i+?2` p2`bBQM /2bB;M2/ iQ KQMBiQ` ?v/`QT?Q@
#B+ Q`;MB+ +QMiKBMMib +QMbBbib Q7  *R3 1KTQ`2 /BbF bim`i2/ rBi? M@Q+iMQH
M/ 2M+HQb2/ mbBM;  G.S1 K2K#`M2 (jy- RR8)X lTiF2 FBM2iB+b `2 bBKBH` iQ
i?i Q7 i?2 aSJ. M/ BMpQHp2 /BzmbBQM Q7 i?2 +QKTQmM/ i?`Qm;? i?2 K2K#`M2
iQ i?2 bQ`#2Mi M/ K2bm`2/ +QM+2Mi`iBQMb mbmHHv `2~2+i QMHv i?Qb2 K2bm`2/ BM
i?2 bQ`#2Mi Ki2`BHX aQK2 TTHB+iBQMb Q7 SP*Aa BM+Hm/2 KQMBiQ`BM; Q7 2M/Q+`BM2
/Bb`mTiBM; +QKTQmM/b (Rek) M/ T2biB+B/2b (RkR) BM bm`7+2 ri2`X *?2K+i+?2`
?b #22M TTHB2/ iQ KQMBiQ` ?v/`QT?Q#B+ Q`;MB+ +QMiKBMMib U>P*bV (8- Red)-
T2biB+B/2b (Ryk) M/ T?`K+2miB+Hb M/ #BQ+B/2b (Re9)X
JQMQ@T?b2/ Sa.b +QMbBbiBM; Q7  bBM;H2 K2K#`M2 b i?2 `2+2BpBM; T?b2 ?p2 HbQ
2K2`;2/X 1tKTH2b BM+Hm/2 G.S1 (39) M/ a_ (Rjk- R9e)X lTiF2 T`Q+2bb Q7 Q`;MB+
+QKTQmM/b #v i?2b2 Sa.b Bb KQ`2 bBKTHB}2/ i?M i?i Q7 #BT?bB+ K2K#`M2b M/
KQ/2HBM; Q7 i?2 mTiF2 Bb +QKKQMHv /QM2 b QmiHBM2/ BM b2+iBQM kXjXjX h?2b2 bK@
TH2`b ?p2 #22M TTHB2/ iQ KQMBiQ` 7Q` S>b- S*"b M/ Q`;MQ+?HQ`BM2 T2biB+B/2b
UP*SbV BM bm`7+2 ri2` (e- 9- R8- Rk9)X
b H`2/v ?B;?HB;?i2/- S1a K2K#`M2 ?b #22M TTHB2/ BM TbbBp2 bKTHBM; KQbiHv
b  bQ`#2Mi `2iBM2` M/ bKTHBM; `i2 HBKBi2` BM *?2K+i+?2` M/ SP*AaX >Qr@
2p2`- r?2M TTHvBM;  S1a@+Qp2`2/ *?2K+i+?2` BM  bBKmHi2/ `Bp2` 2MpB`QMK2Mi-
o2`K2B`bb2M 2i HX (Re8) Q#b2`p2/ i?i /BxBMQM M/ /Bm`QM TT2`2/ BM i?2 bQ`#2Mi
Ki2`BH 7i2`  H; T?b2 M/ i?i i?2 +QM+2Mi`iBQMb Q7 i?2 irQ +QKTQmM/b r2`2
`2bT2+iBp2Hv- jĜ M/ eĜ7QH/ ?B;?2` i?M BM i?2 bQ`#2Mi Ki2`BHX h?Bb Q#b2`piBQM
rb ii`B#mi2/ iQ bi`QM; bQ`TiBQM Q7 i?2 +QKTQmM/b iQ i?2 S1a K2K#`M2 i?i rb
mb2/ iQ +Qp2` i?2 /BbFX  bBKBH` Q#b2`piBQM rb HbQ K/2 7Q` /Bm`QM i?Qm;? rBi?
HQr2` S1afbQ`#2Mi `iBQb (R8N)X AM //BiBQM- >`KM 2i HX (89) Q#b2`p2/ i?2 mTiF2
je
Q7 S>b M/ +`#xQH2b BM  SP*Aa bQ`#2Mi i p2`v HQr M;fSP*Aa H2p2Hb +?`+i2`@
Bx2/ #v ?B;? p`B#BHBiv M/ TQQ` HBM2` }i M/ ?vTQi?2bBx2/ i?2 T?2MQK2MQM iQ #2
/m2 iQ bi`QM;2` bQ`TiBQM iQ i?2 S1a K2K#`M2 /m`BM; i?2 BMBiBH bKTHBM; bi;2bX
h?2b2 2tT2`BK2Mib bm;;2bi  TQbbB#H2 `QH2 Q7 S1a b  bQ`#2Mi Ki2`BHX
AM/22/-  72r bim/B2b ?p2 +QM}`K2/ i?2 mTiF2 Q7 +QKTQmM/b 7`QK  rB/2 ?v@
/`QT?Q#B+Biv `M;2 #v S1a- H#2Bi BM im#mH` 7Q`KiX S1a im#2b ?p2 bm++2bb7mHHv
#22M TTHB2/ BM H#Q`iQ`v 2tT2`BK2Mib 7Q` bQ`TiBp2 2ti`+iBQM Q7  `M;2 Q7 TQH` M/
MQM@TQH` +?2KB+Hb UHQ; KQr 4 @yXydĜeX33V 7`QK ri2` bKTH2b (RN- Rkk- Rkj) M/
2M/Q+`BM2 /Bb`mTiBM; +?2KB+Hb 7`QK }b? #BH2 (RkN)X h?mb S1a ?b #22M bm;;2bi2/
b  TQi2MiBH bQ`TiBp2 2ti`+iQ` Q7 TQHHmiMib 7`QK ri2` QrBM; iQ Bib p2`biBHBiv
/m`BM; mb2 M/ ;QQ/ bQ`TiBQM #BHBiv 7Q`  `M;2 Q7 +?2KB+Hb (Rkk- Rkj)X
:Bp2M i?2 p`B2/ T?vbB+Q+?2KB+H T`QT2`iB2b Q7 S1a ĜbQ`#2/ MHvi2b 7`QK i?2 7Q`2@
K2MiBQM2/ bim/B2b- i?2`2 Bb  TQbbB#BHBiv Q7 TTHvBM; S1a 7Q` bQ`TiBQM Q7 Qi?2` TQHHm@
iMib BM+Hm/BM; i?Qb2 i?i `2 mbmHHv Qmi Q7 `M;2 Q7 i?2 i`;2i MHvi2b 7Q` SP*Aa
M/ *?2K+i+?2`X L2p2`i?2H2bb- KQbi Q7 i?2b2 bim/B2b ?p2 #22M +QM/m+i2/ BM 
bBKmHi2/ 2MpB`QMK2Mi- M/ S1a ?b b2H/QK #22M TTHB2/ BM i?2 }2H/ b  bQ`@
#2MiX >Bi?2`iQ- QMHv irQ bim/B2b `2TQ`i }2H/ TTHB+iBQM Q7 S1a iQ bKTH2 ;Ht@
QHB/2- iQMHB/2- 9@i2`i@Q+ivHT?2MQH- Q`;MQ+?HQ`BM2 +QKTQmM/b- T2biB+B/2b- T?i?@
Hi2b- KmbF 7`;`M+2b M/ i`B+HQbM (RRN- Rky)X
*H2`Hv- S1a b?Qrb TQi2MiBH b  bKTH2` 7Q`  rB/2 `M;2 Q7 +QKTQmM/bX u2i-
#Qi? H#Q`iQ`v M/ }2H/ bim/B2b iQ BMp2biB;i2 i?Bb TQi2MiBH Q` i?2 bmBi#BHBiv Q7
S1a b  TbbBp2 bKTH2` `2 biBHH p2`v 72rX *QMb2[m2MiHv- Bib F2v T`QT2`iB2b U2X;
bKTHBM; `i2V M/ mTiF2 K2+?MBbKb 7Q` >P*b 7`QK i?2 [m2Qmb T?b2 `2 biBHH
H+FBM;X h?mb- i?Bb bim/v BK2/ iQ #`B/;2 i?2 FMQrH2/;2 ;T #v BMp2biB;iBM; i?2b2
T`QT2`iB2bfT`Q+2bb2b 7Q` S>b- S*"b- P*Sb M/ T?i?Hi2b- BM Q`/2` iQ bm;;2bi i?2
bmBi#BHBiv Q7 S1a b  Sa.X AM //BiBQM Bib }2H/ TTHB+iBQM rb i2bi2/ mbBM; a_ b
jd
 `272`2M+2X
T`i 7`QK Bib TTHB+iBQM BM TbbBp2 bKTHBM; b ?B;?HB;?i2/ #Qp2- S1a Bb +QK@
KQMHv mb2/ BM ?2KQ/BHvbBb- 2H2+i`QKQiBp2 M/ 2H2+i`QMB+b BM/mbi`B2b- ri2` }Hi`@
iBQM- ;b b2T`iBQM M/ BM TbbBp2 bKTHBM; b  bQ`#2Mi `2iBM2` M/ bKTHBM; `i2
HBKBi2` BM i?2 TQH` Q`;MB+ +?2KB+H BMi2;`iBp2 bKTH2` USP*AaV (3)X
a_ M/ Qi?2` bBHB+QM2b BM+Hm/BM; S.Ja `2 `Q#mbi M/ ;2M2`HHv ?p2 i?2 /pMi;2
Q7 ?B;? /BzmbBQM +Q2{+B2Mib 7Q` >P*b r?B+? BKTHB2b i?i `2bBbiM+2 BM i?2 K2K#`M2
Bb M2;HB;B#H2 b +QKT`2/ iQ i?i BM i?2 q"G (Ne- RjR)X h?mb- /2THQvK2Mi +QM/BiBQMb
+M #2 +QMi`QHH2/ iQ `2/m+2 q"G `2bBbiM+2 M/ i?2`27Q`2 KtBKBx2 i?2 mTiF2 Q7
+?2KB+Hb 7`QK M 2MpB`QMK2MiH Ki`BtX AM //BiBQM- a_ +M bQ`#  rB/2 `M;2
Q7 +?2KB+Hb M/ ?b BM/22/ #22M TTHB2/ iQ KQMBiQ` T2biB+B/2b- ?2`#B+B/2b- S>b-
S*"b M/ P*Sb (j8- Rk9)X h?Bb i?2bBb /2KQMbi`i2b i?2 TTHB+#BHBiv Q7 a_ 7Q`
i?2b2 >P*b M/ HbQ 7Q` i?2 T?i?Hi2b .1>S- ""S M/ /B#mivHT?i?Hi2 U."SV
BM  i`QTB+H 2MpB`QMK2MiX
kXjXRy TTHB+iBQM Q7 Sa.b BM b2/BK2Mib KQMBiQ`BM;
6`22Hv /BbbQHp2/ +QM+2Mi`iBQMb Q7 >P*b BM b2/BK2Mi TQ`2ri2` U* 7`22-TrV `2 KQ`2
+HQb2Hv bbQ+Bi2/ iQ `BbFb Q7 /p2`b2 2z2+ib 7Q` #BQi i?M iQiH b2/BK2Mi +QM+2Mi`@
iBQMb U* iQiH-TrV (33)X AM //BiBQM- Bi Bb i?2 * 7`22-Tr i?i Bb K2M#H2 7Q` #BQ/2;`@
/iBQM M/ +QMb2[m2MiHv- Bi Bb M2+2bb`v iQ /2i2`KBM2 * 7`22-TrX h?Bb ?b +QMp2M@
iBQMHHv #22M /QM2 mbBM; 2[mBHB#`BmK T`iBiBQMBM; KQ/2Hb i?i `2+H+mHi2 * 7`22-Tr
7`QK * iQiH-TrX >Qr2p2`- i?2Q`2iB+H T`2/B+iBQM mbBM; KQ/2Hb BMi`Q/m+2 +QMbB/2`#H2
BM++m`+v M/ mM+2`iBMiv BM `BbF bb2bbK2Mi Q7 +QMiKBMi2/ b2/BK2Mib bBM+2 i?2
T`2/B+i2/ +QM+2Mi`iBQMb /Q MQi ;2M2`HHv Ki+? i?2 2tT2`BK2MiHHv /2i2`KBM2/ pH@
m2b (Ne)X h2+?MB[m2b i?i /B`2+iHv K2bm`2 * 7`22-Tr `2 i?2`27Q`2 KQ`2 ii`+iBp2 BM
`BbF bb2bbK2Mi M/ iQ i?Bb 2M/- TbbBp2 bKTH2`b ?p2 #22M /2p2HQT2/ M/ TTHB2/
j3
iQ KQMBiQ` >P*b BM b2/BK2Mi TQ`2ri2`X 1tKTH2b `2 aSJ1- aSJ.- TQHv2i?v@
H2M2- TQHvQtvK2i?vH2M2 M/ bBHB+QM2Ĝ+Qi2/ D`b (33)X S1a rb TTHB2/ BM i?Bb bim/v
iQ KQMBiQ` +QKTQmM/b BM b2/BK2Mib bBKBH` iQ i?Qb2 BM i?2 ri2` +QHmKMX
b QTTQb2/ iQ Qi?2` K2/BmKb bm+? b ri2`- TbbBp2 bKTHBM; K2i?Q/b BM ?2i2`Q@
;2M2Qmb b2/BK2Mi Ki`B+2b QT2`i2 BM i?2 2[mBHB#`BmK `2;BK2 bBM+2 i 2[mBHB#`BmK-
+?2KB+H +iBpBiv M/ 7m;+Biv `2 i?2 bK2 BM i?2 bKTH2` b BM i?2 b2/BK2Mi- M/
i?2`27Q`2 * 7`22-Tr +M #2 /2i2`KBM2/ 7`QK i?2 +QM+2Mi`iBQM BM i?2 bKTH2` mbBM; 
bBKTH2 T`iBiBQM `iBQ (Ne)X 1[mBHB#`BmK iiBMK2Mi Bb +QM}`K2/ mbBM; i?`22 K2i?@
Q/b (Ne- Nd), V +QM/m+iBM;  iBK2Ĝb2`B2b 2tT2`BK2Mi mMiBH K2bm`2/ +QM+2Mi`iBQMb
BM i?2 bKTH2`b `2 +QMbiMi- #V bBKmHiM2Qmb 2ti`+iBQM mbBM; irQ bKTH2`b ?p@
BM; /Bz2`2Mi bm`7+2 `2 iQ pQHmK2 `iBQb UfoV rBi? i?2 i?BMM2` bKTH2` Hrvb
?pBM; ?B;?2` +QM+2Mi`iBQM mMiBH 2[mBHB#`BmK- r?B+? Bb +QM}`K2/ #v +QMp2`;2M+2
Q7 +QM+2Mi`iBQMb BM i?2 irQ bKTH2`b- M/ +V mb2 Q7 S_*bX T`i 7`QK +QM}`@
KiBQM Q7 2[mBHB#`BmK iiBMK2Mi- bKTH2 /2TH2iBQM b?QmH/ #2 pQB/2/ #v F22TBM;
i?2 2ti`+i2/ KQmMi BM i?2 TbbBp2 bKTH2` 7` #2HQr i?2 /BbbQHp2/ +QM+2Mi`iBQMX
h?Bb Bb /QM2 i?`Qm;? +Q``2+i +?QB+2 Q7 i?2 bKTH2` pQHmK2 UoTV 7Q` ;Bp2M pQHmK2b




(Nd)X Hi2`MiBp2Hv- MQM@/2TH2iBQM +`Bi2`B +M #2 +?2+F2/ #v F22TBM; i?2 T?b2 `iBQ
#2ir22M ri2` M/ TQHvK2` r2HH #Qp2 i?2 TQHvK2`Ĝri2` T`iBiBQM +Q2{+B2Mi (Ne)X
kX9 1biBKiBQM K2i?Q/b Q7 b2/BK2MiĜri2` T`iB@
iBQM +Q2{+B2Mi
AM  `Bp2` bvbi2K- >P*b T`iBiBQM T`272`#Hv iQ i?2 Q`;MB+ T?b2 Q7 b2/BK2Mib M/
bmbT2M/2/ bQHB/bX h?2 T`iBiBQMBM; T`Q+2bb Bb +imHHv  irQĜrv T`Q+2bb i?i /2@
T2M/b QM 2MpB`QMK2MiH +QM/BiBQMb bm+? b i2KT2`im`2- ?v/`Q/vMKB+b M/ T`QT2`@
iB2b Q7 #Qi? i?2 +?2KB+H M/ b2/BK2Mib- MK2Hv- ?v/`QT?Q#B+Biv M/ Q`;MB+ Kii2`
jN
+QMi2Mi `2bT2+iBp2HvX h?2 2[mBHB#`BmK T`iBiBQMBM; Q7  +?2KB+H #2ir22M ri2` M/





r?2`2 Qb UKQHfF;V Bb +?2KB+H +QM+2Mi`iBQM BM b2/BK2Mib M/ Cr UKQHfGV BM i?Bb
+QMi2ti +M BKTHv 7`22Hv /BbbQHp2/ ri2` Q` TQ`2ri2` +QM+2Mi`iBQMb /2T2M/BM; QM
r?B+? T`K2i2` Bb mM/2` +QMbB/2`iBQMX :Bp2M i?i +?2KB+H bQ`TiBQM iQ b2/BK2Mib
Q++m`b KBMHv #v T`iBiBQMBM; BMiQ Q`;MB+ Kii2` UQ`;MB+ +`#QMV- Bi Bb KQ`2 T@
T`QT`Bi2 iQ 2tT`2bb E/ BM i2`Kb Q7 i?2 Q`;MB+ +`#QM +QMi2MiX h?2`27Q`2- E/ +M
#2 2biBKi2/ 7`QK i?2 Q`;MB+ +`#QMĜri2` T`iBiBQM +Q2{+B2Mi UKQ+ V M/ i?2
7`+iBQM Q7 Q`;MB+ +`#QM U f Q+ V b,
Kd = KQ+ f Q+ UkXkeV
lbBM; Q+iMQH b  bm``Q;i2 7Q` Q`;MB+ +`#QM- KQ+ ?b #22M +Q``2Hi2/ iQ ?v@
/`QT?Q#B+Biv UEQrV iQ Q#iBM HBM2` HQ;ĜHQ; `2HiBQMb?BTb i?i +M #2 mb2/ iQ 2biB@
Ki2 KQ+ UKQHfF;V BM i?2 #b2M+2 Q7 2tT2`BK2MiH pHm2bX PM2 bm+? HBM2` KQ/2H Bb
i?2 E`B+F?Qz `2HiBQM (eN) ;Bp2M b,
logKQ+ = 0.41 × logKQr UkXkdV
>Qr2p2`- i?2 HBM2` KQ/2Hb ?p2 #22M /22K2/ BMbm{+B2Mi 7Q` ;2M2`H T`2/B+iBQM bBM+2
2tT2`BK2MiHHv /2i2`KBM2/ KQ+ ?p2 #22M 7QmM/ iQ 7` 2t+22/ i?Qb2 T`2/B+i2/ #v i?2
KQ/2Hb (Rj)X 1KTB`B+H KQ+ +M #2 /2i2`KBM2/ 7`QK f Q+ M/ +QM+2Mi`iBQMb Q7 i?2





Qb M/ f Q+ `2 #b2/ QM i?2 b2/BK2Mi /`v r2B;?iX 1[miBQM kXk3 +M HbQ #2 mb2/ BM
`BbF bb2bbK2Mi iQ T`2/B+i- 7Q` 2tKTH2 i?2 T`iBiBQMBM; Q7  >P* 7`QK b2/BK2Mib iQ
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ri2` ;Bp2M i?2 Qi?2` T`K2i2`b M/ bbmKBM;  mMB7Q`K /2bQ`TiBQM T`Q+2bbX >Qr@
2p2`- bQK2 mi?Q`b ?p2 TQBMi2/ Qmi i?i Q`;MB+ +`#QM- +QMbBbib Q7 bm#Ĝ7`+iBQMb
KBMHv KQ`T?Qmb Q`;MB+ +`#QM M/ #H+F +`#QM i?i ?p2 /Bz2`2Mi {MBiB2b 7Q`
>P*b BKTHvBM; i?i /2bQ`TiBQM T`Q+2bb2b `2 MQM@mMB7Q`K M/ +QMbBbi Q7 #Qi? 7bi
M/ bHQr KQ/2b (Rj- RR3)X JQ/2Hb ++QmMiBM; 7Q` i?2b2 bm#7`+iBQMb Q7 Q`;MB+ +`#QM
?p2 #22M /2p2HQT2/ Hi?Qm;? Bi ?b HbQ #22M bm;;2bi2/ i?i i?2v /Q MQi bB;MB}@
+MiHv BKT`Qp2 i?2 KQ+ KQ/2H 7Q` i?2 ;2M2`H T`2/B+iBQM Q7 i?2 b2/BK2Mi@TQ`2ri2`
/Bbi`B#miBQM (8e)X h?2Q`2iB+H KQ/2Hb 7Q` T`2/B+iBM; EQ+ ?p2 HbQ #22M /2p2HQT2/X
6Q` BMbiM+2- BM +QKT`BM; i?2 T`2/B+iBp2 TQr2` Q7 i?`22 i?2Q`2iB+H KQ/2Hb p2`bmb
2tT2`BK2MiHHv /2i2`KBM2/ EQ+- `T 2i HX (Rj) 7QmM/ i?i  KQ/2H `2HiBM; EQ+
iQ i?2 bm#+QQH2/ bim`i2/ KQH` ri2` bQHm#BHBiv M/ +QH i`Ĝ#b2/ HBM2` 7`22
2M2`;v `2HiBQMb?BTb UG61_V KQ/2Hb r2`2 #H2 iQ T`2/B+i 2tT2`BK2MiH KQ+ rBi?BM





LogKoc = eE+ vV +aA+bB+ sS+ c UkXjyV
r?2`2 Csatw UKQHfGV Bb i?2 bm#+QQH2/ bim`i2/ KQH` ri2` bQHm#BHBiv M/ JqQ+ Bb
i?2 KQH` r2B;?i Q7 i?2 b2/BK2MiǶb Q`;MB+ T?b2- 2[mBpH2Mi iQ yXkkj F;fKQHX 1- o-
- "- M/ a `2 i?2 +QKTQmM/ĜbT2+B}+ T`K2i2`b /2b+`B#BM; i?2 2t+2bb KQH` `2@
7`+iBQM- KQH` pQHmK2- 2H2+i`QM ++2TiQ` +T#BHBiv- 2H2+i`QM /QMQ` +T#BHBiv- M/
i?2 TQH`Bx#BHBivf/BTQH`Bx#BHBiv- `2bT2+iBp2HvX 2- p- - #- M/ b `2 i?2 +QKTH2K2M@
i`v bQ`#2MiĜbT2+B}+ T`K2i2`bX
E/ +M HbQ #2 2tT`2bb2/ BM 7m;+Biv i2`Kb b  `iBQ Q7 i?2 7m;+Biv +T+BiB2b Q7
b2/BK2Mib Uw bV M/ ri2` UwrVX 6m;+Biv +T+Biv Uw BM KQHKjfSV Bb  T`QTQ`@
iBQMHBiv +QMbiMi i?i HBMFb 7m;+Biv iQ +?2KB+H +QM+2Mi`iBQM U* BM KQHfKjV b
C = Z f X 6m;+Biv U7 BM SV Bb /2}M2/ b i?2 2b+TBM; i2M/2M+v Q7  KQH2+mH2 BMiQ
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i?2 B/2H ;b T?b2 M/ +M #2 `2;`/2/ b i?2 T`iBH T`2bbm`2 Q7  +?2KB+H (3N)X
h?2 mM/2`HvBM; +QM+2Ti BM i?2 7m;+Biv TT`Q+? Bb i?i i?2 7m;+BiB2b Q7  +?2KB+H
BM irQ T?b2b `2 2[mH B7 i?2 KmHiBT?b2 bvbi2K Bb i 2[mBHB#`BmKX h?Bb BKTHB2b i?i
B7 i?2 7m;+Biv BM QM2 T?b2 +M #2 2KTB`B+HHv /2i2`KBM2/- i?2 `2bmHiMi pHm2 +M
#2 mb2/ iQ BM72` 7m;+Biv BM i?2 Qi?2` T?b2X i /Bb2[mBHB#`BmK-  KQH2+mH2 rQmH/
2bb2MiBHHv ǵ2b+T2Ƕ 7`QK QM2 2MpB`QMK2MiH T?b2 iQ MQi?2`- M/ i?2 T`Q+2bb rQmH/
;Q QM mMiBH 2[mBHB#`BmKX h?mb- 7m;+Biv@#b2/ KQ/2Hb 2KTHQvBM; 7m;+Biv `iBQb 2Hm@
+B/i2 i?2 biimb Q7  +?2KB+H BM  KmHiBĜT?bB+ 2MpB`QMK2MiH K2/B M/ +M
i?2`27Q`2 #2 mb2/ iQ b+`22M 7Q` i?2 /QKBMMi 7i2 T`Q+2bb2b M/ bb2bb #BQpBH#BH@
Biv (ReN)X bb2bbK2Mi Q7 #BQpBH#BHBiv Bb i?2 Q#D2+iBp2 Q7 2[mBHB#`BmK T`iBiBQMBM;
M/ 7m;+BivĜ#b2/ KQ/2HBM; bBM+2 b2/BK2Mib b2[m2bi2` +QMiKBMMib 7`QK i?2 ri2`
T?b2 M/ +M i?2`27Q`2 +i b `2b2`pQB`b /2T2M/BM; QM i?2B` Q`;MB+ Kii2` +QMi2MiX













r?2`2 > Bb i?2 >2M`vǶb Hr +QMbiMi M/ ρs UF;fKjV Bb i?2 b2/BK2Mi /2MbBivX a22
b2+iBQM " 7Q` /2`BpiBQM Q7 w pHm2bX
kX8 6m;+Biv TT`Q+? iQ 2biBKi2 b2/BK2Mi@ri2`
2t+?M;2 Q7 1.*b
h?2 /Bbi`B#miBQM Q7 >P*b #2ir22M b2/BK2Mi M/ ri2` T?b2b Bb M BKTQ`iMi T?2@
MQK2MQM bBM+2 Bi BM~m2M+2b #BQpBH#BHBivX PrBM; iQ i?2B` ?v/`QT?Q#B+Biv- >P*b
T`iBiBQM T`272`#Hv iQ i?2 b2/BK2Mi T?b2 /2T2M/BM; QM i?2 [mMiBiv M/ pBH#BH@
Biv Q7 bQ`TiBQM T?b2b BM i?2 b2/BK2MibX >Qr2p2`- b2/BK2MiĜri2` 2t+?M;2b i2`K2/
9k
~mt2b Q++m` /m2 iQ  MmK#2` Q7 +QKTH2t 2MpB`QMK2MiH T`Q+2bb2b i?i Kv #2
bBi2ĜbT2+B}+ M/ BM+Hm/2 2#mHiBQM- #BQim`#iBQM- ;`QmM/ri2` /Bb+?`;2- b2/BK2Mi
b2iiHBM; Q` `2bmbT2MbBQM M/ KQH2+mH` /BzmbBQM (3k)X h?2 Hii2` T`Q+2bb Q++m`b mMB@
p2`bHHv M/ THvb i?2 F2v `QH2 BM i?2 i`Mb72` Q7 +QMiKBMMib #2ir22M i?2 irQ
T?b2b M/ Kv i?2`27Q`2 #2 mb2/ b  #b2HBM2 7Q` iQiH ~mt (9k)X JQH2+mH` /B7@
7mbBQM Bb /`Bp2M #v  +QM+2Mi`iBQM Q` 7m;+Biv ;`/B2Mi #2ir22M i?2 b2/BK2Mi M/
ri2` T?b2bX
a2p2`H 7i2 M/ i`MbTQ`i KQ/2Hb ?p2 #22M /2p2HQT2/ M/ `2 pBH#H2 BM HBi2`@
im`2X h?2b2 KQ/2Hb +M #2 +i2;Q`Bx2/ BMiQ irQ ;`QmTb, V i?Qb2 i?i mb2 +?2KB+H
+QM+2Mi`iBQMb BM +H+mHiBQMb M/ #V i?Qb2 i?i mb2 i?2 KmHiBK2/B 7m;+Biv T@
T`Q+?X 6m;+Biv Bb  KmHiBK2/B T`K2i2` i?i /2b+`B#2b i?2 2b+TBM; i2M/2M+v Q7
 +?2KB+H BMiQ i?2 B/2H ;b T?b2 M/ i?2`27Q`2 /B`2+iHv BM/B+i2b i?2 TQi2MiBH 7Q`
bTQMiM2Qmb T`Q+2bb2b BM+Hm/BM; /BzmbBQM M/ T`iBiBQMBM; (Ne)X h?2 mb2 Q7 7m;+Biv
BM HB2m Q7 +QM+2Mi`iBQM bBKTHB}2b i?2 mM/2`biM/BM; Q7 ~mt2b 7`QK QM2 2MpB`QMK2M@
iH T?b2 iQ MQi?2`- 7Q` 2tKTH2 b2/BK2MiĜri2`- b Bi T`QpB/2b  T`bBKQMBQmb
v2i TQr2`7mH 2tTHMiBQM Q7 +?2KB+H ~mt2bX h?2`27Q`2- r?2M b22FBM; iQ 2Hm+B/i2
+?2KB+H #2?pBQ` T`Q}H2b M/ iQ /2i2`KBM2 /QKBMMi 7i2 T`Q+2bb2b- 7m;+BivĜ#b2/
KQ/2Hb `2 r2HH bmBi2/ (Rk8)X JmHiBK2/B 7m;+Biv KQ/2Hb HbQ +HH2/ J+Fv KQ/@
2Hb ?p2 7Qm` H2p2Hb i?i p`v T`Q;`2bbBp2Hv BM +QKTH2tBivX h?2b2 `2, V H2p2H A
i?i bbmK2b bi2/v bii2 M/ 2[mBHB#`BmK +QM/BiBQMb #2ir22M T?b2b- #V H2p2H AA
i?i BM //BiBQM iQ bbmKTiBQMb K/2 BM H2p2H A HbQ +QMbB/2`b /p2+iBQM M/ i?2
+?2KB+H i`Mb7Q`KiBQM- +V H2p2H AAA i?i bbmK2b bi2/v@bii2- #mi MQM@2[mBHB#`BmK
+QM/BiBQMb #2ir22M 2MpB`QMK2MiH T?b2b M/ +QMbB/2`b i`Mb7Q`KiBQM- /V H2p2H Ao
i?i +QMbB/2`b MQM@2[mBHB#`BmK M/ MQM@bi2/v@bii2 +QM/BiBQMb #2ir22M T?b2b (3N)X
G2p2H Ao KQ/2Hb `2 i?2 KQbi `2HBbiB+ #mi `2 ``2Hv TTHB2/ /m2 iQ i?2B` +QKTH2tBiv
M/ 2MQ`KQmb /i `2[mB`2K2MibX >2M+2- G2p2H AAA KQ/2Hb `2 i?2 KQbi rB/2Hv mb2/X
1tKTH2b Q7 7m;+BivĜ#b2/ KQ/2Hb `2 i?2 1la1a- 1Z* M/ aBKTH2"PsX
9j
JmHiBK2/B 7m;+Biv KQ/2Hb mb2 7m;+Biv 7`+iBQMb #2ir22M 2MpB`QMK2MiH T?b2b-
7Q` 2tKTH2 ri2` M/ b2/BK2Mi- #Qi? b  TQBMi2` iQ i?2 /B`2+iBQM Q7 KQp2K2Mi
Q7  +?2KB+H M/  #bBb 7Q` Qi?2` `2H2pMi +H+mHiBQMbX 1p2M rBi?Qmi i?2 mb2 Q7
 +QKTH2i2 KQ/2H- 7m;+Biv 7`+iBQMb ?p2 #22M TTHB2/ iQ 2biBKi2 b2/BK2MiĜri2`
~mt2b ;Bp2M +QM+2Mi`iBQMb BM i?2 irQ T?b2b (ReN)X >Qr2p2`-  7mHH KQ/2H Bb #2ii2`
TH+2/ iQ 2Hm+B/i2 i?2 `2HiBp2 `2H2pM+2 Q7 p`BQmb 2MpB`QMK2MiH 7i2 T`Q+2bb2bX
PM2 bm+? KQ/2H Bb i?2 a2/BK2Mi JQ/2H /2p2HQT2/ #v i?2 *2Mi`2 7Q` 1MpB`QMK2MiH
JQ/2HHBM; M/ *?2KBbi`v (kd)X h?Bb KQ/2H +H+mHi2b i?2 b2/BK2MiĜri2` 2t+?M;2
+?`+i2`BbiB+b Q7  +?2KB+H rBi?BM  /2}M2/ mMBi `2 #b2/ QM i?2 +?2KB+HǶb
T?vbB+Q+?2KB+H T`QT2`iB2b M/ i?2 iQiH ri2` M/ b2/BK2Mi +QM+2Mi`iBQMbX AM
T`BM+BTH2- i?2 KQ/2H mb2b K2bm`2/ +QM+2Mi`iBQMb BM b2/BK2Mi M/ Qp2`HvBM; ri2`





r?2`2 * Bb +?2KB+H +QM+2Mi`iBQM M/ w i?2 7m;+Biv +T+Biv BM i?2 ;Bp2M T?b2X
1+? Q7 i?2 T?b2b Bb /BpB/2/ BMiQ i?`22 bm#@+QKT`iK2Mib +QKT`BbBM; i?2 #mHF
T?b2- UTQ`2Vri2` M/ bQHB/ T?b2bX h?2 bQHB/ bm#@+QKT`iK2Mib +QKT`Bb2 iQiH
bmbT2M/2/ bQHB/b M/ iQiH b2/BK2Mi bQHB/b BM i?2 ri2` M/ b2/BK2Mi T?b2b `2@
bT2+iBp2Hv- M/ #Qi? BM+Q`TQ`i2 Q`;MB+ M/ KBM2`H Kii2` 7`+iBQMbX h?2 KQ/2H
+H+mHi2b i?2 7m;+Biv 7Q` 2+? bm#Ĝ+QKT`iK2Mi r?B+? Bb i?2M mb2/ iQ +H+mHi2
i?2 Qp2`HH 7m;+Biv +T+Biv 7Q` i?2 #mHF T?b2X AM ri2`- wr- Bb +H+mHi2/ b,
Zr = (Zpw×V · fpw)+(Zow,w×V · fow,w)+(Zmm,w×V · fmm,w) UkXj9V
r?2`2 wTr- wQK-r- wKK-r `2 `2bT2+iBp2Hv- i?2 7m;+Biv +T+BiB2b BM Tm`2 ri2` UQT@
2`iBQMHHv /2}M2/ b ri2` rBi?Qmi bmbT2M/2/ bQHB/bV- Q`;MB+ Kii2` M/ KBM2`H
Kii2` BM i?2 #mHF ri2` T?b2X o7 Tr- o7 QK-r M/ o7KK-r `2 i?2 pQHmK2 7`+iBQMb
Q7 Tm`2 ri2`- Q`;MB+ Kii2` M/ KBM2`H Kii2` BM i?2 #mHF ri2` T?b2X wTr Bb
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/2`Bp2/ b  `2+BT`Q+H Q7 i?2 >2M`vǶb Hr +QMbiMi- i?2M i?2 pHm2 Q#iBM2/ Bb KmH@
iBTHB2/ #v i?2 T`iBiBQM +Q2{+B2Mib Q7 Q`;MB+ M/ KBM2`H Kii2` iQ Q#iBM wQK-r
M/ wKK-r `2bT2+iBp2HvX o7 QK-r M/ o7KK-r `2 +H+mHi2/ mbBM; i?2 7`+iBQM Q7
Q`;MB+ Kii2`- i?2 /2MbBiB2b Q7 Q`;MB+ M/ KBM2`H Kii2` M/ i?2 +QM+2Mi`iBQM
Q7 iQiH bmbT2M/2/ bQHB/bX 1[miBQMb mb2/ BM i?2 +H+mHiBQMb `2 ;Bp2M BM b2+iBQM GXk
Q7 i?2 TT2M/BtX q?2M mbBM; 2[miBQM kXj9 7Q` b2/BK2Mib- Cb Bb i?2 K2bm`2/ +QM@
+2Mi`iBQM BM /`v b2/BK2MibX Zb Bb /2`Bp2/ 7`QK i?2 7m;+Biv +T+BiB2b M/ pQHmK2b





wQK-b M/ wKK-b `2 `2bT2+iBp2Hv /2`Bp2/ #v KmHiBTHvBM; i?2 T`iBiBQM +Q2{+B2Mib Q7
Q`;MB+ M/ KBM2`H Kii2` #v i?2 w pHm2 7Q` TQ`2ri2`- r?B+? Bb  `2+BT`Q+H Q7
i?2 >2M`vǶb Hr +QMbiMiX
h?2 KQ/2H i?2M +H+mHi2b i?2 `iBQ Q7 7m;+Biv BM b2/BK2Mib U7 bV iQ i?i BM ri2`
U7rVX h?Bb `iBQ Bb mb2/ iQ bb2bb i?2 2[mBHB#`BmK biimb Q7  +?2KB+H #2ir22M i?2
irQ T?b2b i mMbi2/v bii2X S`2/B+iBQMb Q7 7m;+Biv `iBQb i bi2/v bii2 `2 HbQ
K/2 mbBM; i`MbTQ`i M/ /p2+iBQM T`K2i2`b- i?i Bb- .Ĝ M/ :ĜpHm2bX h?2b2
pHm2b `2 HbQ mb2/ BM +H+mHiBM; b2/BK2MiĜri2` ~mt2b i?i /2}M2 i?2 `2HiBp2
BKTQ`iM+2 Q7 2+? 2MpB`QMK2MiH 7i2 T`Q+2bb M/ i?2`27Q`2 ?H7ĜHBp2bX AM //BiBQM-
i?2 KQ/2H mb2b w- f b M/ fr pHm2b 7Q` i?2 `2bT2+iBp2 Ubm#VT?b2b iQ +H+mHi2
+QM+2Mi`iBQMb Q7 +?2KB+Hb BM i?2b2 T?b2b QM  Kbb #HM+2 #bBbX
PM i?2 Qi?2` ?M/- i?2 b2/BK2MiĜri2` 7m;+Biv `iBQ +M #2 +H+mHi2/ 7`QK +?2K@







_272` iQ b2+iBQM " 7Q` /2`BpiBQM Q7 i?2 2[miBQMX
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h?2 7m;+Biv `iBQ /2i2`KBM2/ mbBM; i?2 a2/BK2Mi JQ/2H Q` 2[miBQM kXje +M b2`p2
b M BM/B+iQ` Q7 i?2 b2/BK2MiĜri2` 2[mBHB#`BmK biimbX :2M2`HHv- f = 1 BM/B+i2b
2[mBHB#`BmK- f < 1  M2i ~mt 7`QK ri2` iQ b2/BK2Mi M/ f > 1  M2i ~mt 7`QK




jXR AMp2biB;iBQM Q7 F2v T`QT2`iB2b Q7 S1a
jXRXR _2;2Mib
_2;2Mib mb2/ r2`2 i?2 7QHHQrBM;, +?`QKiQ;`T?B+ MHvbBb ;`/2 +v+HQ?2tM2-
BbQT`QTMQH- 2i?vH +2ii2- K2i?MQH M/ +2iQM2 UJ2`+F- .`Kbi/iV- M?v/`Qmb
bQ/BmK bmHT?i2 UJ2`+F- .`Kbi/iV- S>b KBt N URyy M;fƒG BM +v+HQ?2tM2V M/
T2biB+B/2 KBt Rj URy ƒ;fKG BM iQHm2M2V U.`X 1?`2MbiQ`72`- m;b#m`;V- S_*b U
/Ry@+2MT?i?2M2- /Ry@~mQ`2M2- /Ry@T?2MMi?`2M2- /Ry@Mi?`+2M2- /Ry@Tv`2M2- /Rk@
+?`vb2M2- /Rk@T2`vH2M2- S*" kN- S*" 89- S*" dd M/ S*" 3RV U.`X 1?`2MbiQ`72`-
m;b#m`;V- /Ry@~mQ`Mi?2M2 BMi2`MH biM/`/ U.`X 1?`2MbiQ`72`- m;b#m`;V M/
Tm`2 7Q`Kb Q7 i?2 MHvi2b HBbi2/ BM i#H2 *XR Q7 i?2 TT2M/BtX aiM/`/ bQHmiBQMb
Q7 BM/BpB/mH MHvi2b r2`2 T`2T`2/ BM K2i?MQH i +QM+2Mi`iBQMb `M;BM; 7`QK
kĜj K;fKGX 6`QK i?2b2 biM/`/ bQHmiBQMb- rQ`FBM; KBtim`2b URyy M;fKG M/
k8 M;fKGV Q7 HH i?2 MHvi2b r2`2 T`2T`2/ BM K2i?MQH M/ biQ`2/ i 9 ◦* X 
KBtim`2 Q7 i?2 S_*b URX8K;fKGV r2`2 T`2T`2/ BM K2i?MQHX
9d
jXRXk *HB#`iBQM 2tT2`BK2Mi 7Q` BMp2biB;iBM; mTiF2 FBM2i@
B+b M/ S_* 2HBKBMiBQM
G#Q`iQ`v +HB#`iBQM 2tT2`BK2Mib 7Q` TbbBp2 bKTH2`b `2 ;2M2`HHv +``B2/ Qmi BM
QM2 Q7 i?`22 TQbbB#H2 b2imTb, #i+? 2[mBHB#`iBQM- biiB+ `2M2rH M/ +QMiBMmQmb ~Qr@
i?`Qm;? /2bB;Mb (kj)X  bi#H2 ~Qr@i?`Qm;? bvbi2K 2Mbm`2b  +QMiBMmQmb bmTTHv Q7
7`2b?Hv +QMiKBMi2/ ri2` rBi? KBMBKH /Bbim`#M+2 i?`Qm;?Qmi i?2 2tT2`BK2MiH
T2`BQ/ i?i KBKB+b 2MpB`QMK2MiH +QM/BiBQMb M/ i?mb +B`+mKp2Mib i?2 /2TH2iBQM
Q7 MHvi2b 7`QK i?2 ri2` T?b2 M/ Qi?2` 2tT2`BK2MiH `iB7+ib BM?2`2Mi BM i?2
7Q`K2` irQ /2bB;MbX h?2`27Q`2- +HB#`iBQM Q7 S1a rb /QM2 BM i?Bb bim/v mbBM; 
~Qr@i?`Qm;? /2bB;MX h?2 TT`imb rb b2i mT b b?QrM BM };m`2 jXRX AMBiBHHv-
i?2 TT`imb rb +QMiKBMi2/ /m`BM; }p2 /vb #v +QKTH2i2Hv }HHBM; i?2 ;Hbb +QM@
iBM2`b rBi? +QMiKBMi2/ iT ri2` +QMiBMBM; HH i?2 MHvi2b i  +QM+2Mi`iBQM
UV U#V
6B;m`2 jXR, UV a2imT Q7 i?2 ~Qr@i?`Qm;? +HB#`iBQM 2tT2`BK2Mi M/ U#V *HKT mb2/
iQ ?QH/ S1a K2K#`M2bX @ kkX9G ;Hbb biQ`;2 iMFc "@ +QMM2+iBM; ?QHHQr rB`2b
K/2 Q7 bi22Hc *@ TmKT mb2/ 7Q` +QMi`QHHBM; ~Qr `i2c .@ KQ`i` i?i +QMi`QHH2/ i?2
`QiiBQM bT22/ Q7 i?2 +HKT ?QH/BM; S1a K2K#`M2bc 1@ RX9G 2tT2`BK2MiH ;Hbb
p2bb2H i?i ?Qmb2/ i?2 K2K#`M2bc 6@`Qii#H2 bi22H +HKTc :@ bi22H +HBTb mb2/ iQ
?QH/ S1a K2K#`M2b BM TQbBiBQMc >@ S1a K2K#`M2 bi`BTbX
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Q7 Ryy M;fG- r?B+? rb 7Qm`@7QH/ i?2 2tT2`BK2MiH MQKBMH +QM+2Mi`iBQM Uk8 M;fGVX
S`BQ` iQ /BbTQbH- i?2 TmKTBM; bvbi2K rb +iBpi2/ iQ H2i +QMiKBMi2/ ri2` ~Qr
i?`Qm;? i?2 bvbi2K- iQ 2Mbm`2 MQ Q` KBMBKH /2TH2iBQM Q7 MHvi2b 7`QK i?2 ri2`
T?b2 /m`BM; i?2 2tT2`BK2MiH /m`iBQM #v bQ`TiBQM iQ i?2 TT`imb rHHbX
S1a bi`BTb K2bm`BM; RXy +K × NXy +K U2tTQbm`2 bm`7+2 `2 ≈ R9 +KkV r2`2 +mi
Qmi M/ T`2@+H2M2/ BM 2i?vH +2ii2 M/ K2i?MQH BM i?i Q`/2` ++Q`/BM; iQ i?2
T`Q+2/m`2 i?i rBHH #2 QmiHBM2/ BM bm#b2+iBQM jXkXR- i?2M i?2v r2`2 bTBF2/ rBi? S_*b
/m`BM; i?`22 /vb BM 9yyKG K2i?MQH@ri2` UR,R- pfpV KBtim`2X h?2 S_*@HQ/2/
S1a bi`BTb r2`2 biQ`2/ /`v i 9 Ö mMiBH mb2X HH Qi?2` TT`imb M/ i?2 HmKBMBmK
7QBH rQ`FBM; bm`7+2 r2`2 T`2@+H2M2/ BM +2iQM2X
i i?2 bi`i Q7 i?2 2tT2`BK2Mi- i?2 biQ`;2 iMF M/ 2tT2`BK2MiH p2bb2H r2`2 }HH2/
rBi? +QMiKBMi2/ iT ri2` i  MQKBMH +QM+2Mi`iBQM Q7 k8 M;fGX 1B;?i S_*@
HQ/2/ S1a bi`BTb r2`2 i?2M }t2/ mbBM; T`2@+H2M2/ biBMH2bb bi22H +HBTb M/ MB+?`QK2
rB`2b QMiQ  `Qii#H2 +HKT b b?QrM BM };m`2 jXR#X _QiiBM; bT22/ rb b2i i Rjy
`TK i`MbHiBM; iQ  `Bp2` ~Qr p2HQ+Biv Q7 yXj9Kfb mM/2` }2H/ +QM/BiBQMb b rBHH #2
/2b+`B#2/ BM bm#b2+iBQM jXkXkX 6HQr p2HQ+Biv i?`Qm;? i?2 2tT2`BK2MiH p2bb2H rb
8KGfKBM iQ HHQr 2MQm;? +QMi+i iBK2 Q7 i?2 MHvi2b rBi? S1a bi`BTb rBi?Qmi
+mbBM; /2TH2iBQM 7`QK i?2 ri2` T?b2X p2`;2 `QQK i2KT2`im`2 /m`BM; i?2 2t@
T2`BK2MiH /m`iBQM rb kjX8 ◦*X h?2 2tT2`BK2Mi T`Q+22/2/ +QMiBMmQmbHv 7Q` R9 /
rBi? b?Q`i BMi2``mTiBQMb /m`BM; K2K#`M2 `2KQpH M/ `2TH+2K2Mi r?B+? rb /QM2
BMi2`KBii2MiHv i k- 9- d UBM /mTHB+i2V- Ry- Rk M/ R9 /vb iQ 2Mbm`2 +QMiBMmH T`2b@
2M+2 Q7 2B;?i K2K#`M2b i Mv TQBMi BM iBK2 /m`BM; i?2 2tT2`BK2MiH T`Q+2bbX
1t+2Ti i?2 R9i? /v- i 2+? iBK2 BMi2`pH- irQ K2K#`M2b r2`2 `2KQp2/ M/ `2@
TH+2/ #v M 2[mH MmK#2`X h?2 mb2/ K2K#`M2b r2`2 Tii2/ /`v rBi? HBMi@7`22
iBbbm2 M/ biQ`2/ i 9 ◦* mMiBH 2ti`+iBQMX h?2 K2K#`M2b r2`2 2ti`+i2/ BM 2i?vH
+2ii2- +QM+2Mi`i2/ iQ RKG M/ MHvx2/ b rBHH #2 /2b+`B#2/ BM bm#b2+iBQM jXkXjX
9N
h?2 BMi2Mi Q7  +HB#`iBQM T`Q+2bb Bb iQ /2i2`KBM2 F2v Sa. T`QT2`iB2b bm+? b i?2
TQHvK2`@ri2` T`iBiBQM +Q2{+B2Mi Ub22 2[miBQM kX8V i?i BM~m2M+2 i?2 mTiF2 Q7
MHvi2b 7`QK i?2 [m2Qmb T?b2X h?mb r?BH2 [mMiB7vBM; bQ`#2/ +QM+2Mi`iBQMb QMiQ
S1a - [m2Qmb +QM+2Mi`iBQMb ?p2 HbQ iQ #2 /2i2`KBM2/ BM T`HH2HX h?2`27Q`2-
kyyKG Q7 ri2` r2`2 iF2M /BHv 7`QK i?2 2tT2`BK2MiH p2bb2H mbBM;  k8yKG
1`H2MK2v2` ~bF i?2M RdW K2i?MQH M/  k9 ƒG T`2@+H2M2/ S.Ja@+Qi2/ irBbi2`ȉ
U:2`bi2HV rb //2/X J2i?MQH rb mb2/ iQ `2/m+2 MHvi2 HQbb2b #v bQ`TiBQM iQ i?2
;Hbb rHHX hrBbi2`bȉ r2`2 T`2@+H2M2/ #v +QK#mbiBQM i k8y Ö Qp2`MB;?iX h?2 ~bF
rb i?2M +Qp2`2/ rBi? HmKBMBmK 7QBH iQ T`2p2Mi T?QiQHvbBb M/ 2ti`+iBQM T`Q+22/2/
7Q` k9 ?X h?2M i?2 irBbi2` rb `2KQp2/ mbBM; 7Q`+2Tb- ;2MiHv Tii2/ /`v rBi? HBMi@7`22
iBbbm2 M/ biQ`2/ i @ky Ö mMiBH MHvbBbX MHvbBb rb /QM2 #v i?2`KH /2bQ`TiBQM
QM  ;b +?`QKiQ;`T? U:*V +QmTH2/ iQ  Kbb bT2+i`QK2i2` UJaVX
jXRXj *HB#`iBQM 2tT2`BK2Mi 7Q` i?2 2HBKBMiBQM T`Q+2bb
S`2@+H2M2/ S1a bi`BTb r2`2 TH+2/ BM  8yyKG ;Hbb #QiiH2 +QMiBMBM; 9yyKG Q7
K2i?MQH@ri2` KBtim`2 UR,R- pfpV bTBF2/ rBi?  biM/`/ bQHmiBQM +QMiBMBM; R8y ƒ;
2+? Q7 i?2 MHvi2b- i?2M i?2 bi`BTb r2`2 H27i iQ 2[mBHB#`i2 /m`BM; 8 /X h?2`27i2`-
i?2 bi`BTb r2`2 `2KQp2/ M/ Tii2/ /`v rBi? HBMi@7`22 iBbbm2 M/ biQ`2/ i 9 ◦* mMiBH
mb2X h?2 2tT2`BK2Mi rb +``B2/ Qmi mbBM; i?2 b2i mT /2b+`B#2/ BM b2+iBQM jXRXk rBi?
i?2 7QHHQrBM; KQ/B}+iBQMbX 6`2b? iT ri2` UmMbTBF2/V rb mb2/- `QiiBQM bT22/
rb Rk3 `TK- M/ i?2 ri2` TmKT rb b2i i RyKGfKBMX aTBF2/ S1a bi`BTb r2`2
}t2/ QMiQ i?2 `Qii#H2 +HKT- i?2M i?2 2tT2`BK2Mi T`Q+22/2/ 7Q` R8 / /m`BM; r?B+?
K2K#`M2b r2`2 `2KQp2/ M/ `2TH+2/ Qp2` iBK2 `M;BM; 7`QK  72r ?Qm`b iQ /vb-
vB2H/BM; RN bKTHBM; /m`iBQMb- i?`B+2 /m`BM; r?B+? irQ bi`BTb r2`2 `2KQp2/ M/
i?2 `2bi BMpQHp2/ `2KQpH Q7 bBM;H2 bi`BTb U`272` iQ b2+iBQM 1 Q7 i?2 TT2M/BtVX h?2
S1a bi`BTb r2`2 Tii2/ /`v rBi? HBMi@7`22 iBbbm2 M/ biQ`2/ i 9 ◦* mMiBH 2ti`+iBQM
M/ MHvbBb- r?B+? T`Q+22/2/ b /2b+`B#2/ BM b2+iBQMb jXkXj M/ 1- `2bT2+iBp2HvX
8y
jXRX9 *H+mHiBQM Q7 F2v T`K2i2`b 7Q` S1a
*H+mHiBQM Q7 [m2Qmb +QM+2Mi`iBQMb ++Q`/BM; iQ 2[miBQM kXRd `2[mB`2b i?2 /2@
i2`KBMiBQM Q7 F2v T`K2i2`b- MK2Hv KTr M/ _bX h?2b2 irQ T`K2i2`b r2`2
/2i2`KBM2/ 7`QK /i Q#iBM2/ BM i?2 +HB#`iBQM 2tT2`BK2Mi /2b+`B#2/ BM b2+iBQM
jXRXkX TT`2Mi KTr rb +H+mHi2/ ++Q`/BM; iQ 2[miBQM kX8 mbBM; KtBKmK CT
M/ p2`;2 Cr Q#iBM2/ /m`BM; i?2 R9 / 2tT2`BK2MiH /m`iBQMX aBM+2 S_*b +QmH/
MQi #2 TTHB2/ iQ /2i2`KBM2 BM bBim Rb b rBHH #2 /Bb+mbb2/ BM bm#b2+iBQM 9XRX8- Bi
rb 2biBKi2/ #v bQHpBM; 2[miBQM kXR3 #v HBM2` `2;`2bbBQM mbBM; i H2bi }p2 /i
TQBMib i?i TT`Q+?2/ HBM2`BivX h?2M k2t rb /2i2`KBM2/ mbBM; 2[miBQM kXRj #v
MQMHBM2` H2bi b[m`2b `2;`2bbBQM M/ rb i?2M mb2/ iQ +H+mHi2 Ƕ?H7@HB72Ƕ- iRfkX kQ
rb +H+mHi2/ mbBM; i?2 2biBKi2/ Rb M/ bm`7+2 `2 ++Q`/BM; iQ 2[miBQM kXR9X
jXRX8 ZmHBiv bbm`M+2
.mTHB+i2 S1a bi`BTb r2`2 +QHH2+i2/ i 2+? bKTHBM; iBK2 iQ +?2+F 7Q` p`B#BHBiv BM
i?2 bQ`TiBQM T`Q+2bb /m`BM; i?2 bT2+B}2/ T2`BQ/X AM //BiBQM- p`B#BHBiv BM bQ`TiBQM
i?`Qm;?Qmi i?2 r?QH2 2tT2`BK2MiH /m`iBQM rb +?2+F2/ #v H2pBM; irQ S1a bi`BTb
iQ 2+? bKTH2 /m`BM; i?2 }`bi ?H7 M/ i?2 Hbi ?H7 Q7 i?2 iQiH 2tT2`BK2MiH
/m`iBQMX h?2b2 bi`BTb r2`2 +QHH2+i2/ i d / M/ R9 / `2bT2+iBp2Hv M/ MHvx2/X
_2T2i#BHBiv rb 2tKBM2/ #v +H+mHiBM; i?2 +Q2{+B2Mib Q7 p`BiBQM U*oV 7`QK
/i Q7 i?2 /mTHB+i2 bKTH2bX "HMFb r2`2 HbQ mb2/ iQ +?2+F 7Q` +QMiKBMiBQMX
8R
jXk 6B2H/ TTHB+iBQM Q7 S1a M/ a_
jXkXR S`2@/2THQvK2Mi T`2T`iBQM
S1a b?22ib r2`2 +mi BMiQ eX8 +K×RyXy +K TB2+2b ;BpBM; M 2tTQbm`2 bm`7+2 `2
Q7 ≈Rjy +Kk T2` K2K#`M2X S`BQ` iQ /2THQvK2Mi- i?2 K2K#`M2b r2`2 T`2@+H2M2/
BM TT`QT`Bi2 bQHp2Mib iQ `2KQp2 BKTm`BiB2bX AMBiBHHv- b2p2`H bQHp2Mib r2`2 i2bi2/
#b2/ QM bQHm#BHBiv M/ br2HHBM; Q7 S1a BM i?2 bQHp2Mi iQ /2i2`KBM2 i?2B` TT`QT`B@
i2M2bb 7Q` mb2 BM +H2MBM; M/ 2ti`+iBQMX h?2 `2bmHib Ui#H2 jXRV BM/B+i2 i?2 BMT@
T`QT`Bi2M2bb Q7 +?HQ`BMi2/ M/ bQK2 T`QiB+ bQHp2Mib r?B+? `2bmHi2/ BM K2K#`M2
bQHm#BHBiv T`Q##Hv /m2 iQ bi`2bb@BM/m+2/ +`+FBM; Q` bQHp2Mi@BM/m+2/ +`vbiHHBxiBQM
(R3- 8j)X hQHm2M2 2z2+i2/ MQ +?M;2 BM Kbb r?BH2  bHB;?i BM+`2b2 rb Q#b2`p2/
BM +v+HQ?2tM2 HBF2Hv /m2 iQ `2i2MiBQM Q7 i`TT2/ bQHp2MiX h?2 K2K#`M2 #2+K2
#`BiiH2 BM iQHm2M2 M/ +2iQMBi`BH2X h?mb 2i?vH +2ii2 M/ K2i?MQH r2`2 b2H2+i2/
b T`2@+H2MBM; bQHp2Mib BM i?i Q`/2`X
h?2 T`2@+H2MBM; T`Q+2bb T`Q+22/2/ b 7QHHQrb, HH i?2 b?22ib r2`2 BKK2`b2/ BM 2i?vH
+2ii2 BM  rB/2@KQmi?2/ kyyKG ;Hbb #QiiH2X h?2 #QiiH2 rb TH+2/ QM M Q`#BiH
b?F2` M/ i?2 K2K#`M2b r2`2 2ti`+i2/ /m`BM; 93 ? i Ny `TK- i?2M HH i?2 bQHp2Mi
rb `2TH+2/ rBi? K2i?MQH M/ i?2 K2K#`M2b r2`2 7m`i?2` 2ti`+i2/ /m`BM; k9 ?
i Ny `TK 7QHHQr2/ #v B` /`vBM; BM  7mK2 ?QQ/ iQ +QMbiMi r2B;?iX h?2 +H2M
K2K#`M2b r2`2 r`TT2/ BM T`2@+H2M2/ HmKBMBmK 7QBH M/ biQ`2/ i 9 ◦* mMiBH
}2H/ /2THQvK2MiX qB`2 K2b?2b mb2/ BM /2THQvK2Mi Q7 K2K#`M2b r2`2 HbQ +H2M2/
BM +2iQM2 M/ biQ`2/X
a_ K2K#`M2b r2`2 T`2T`2/ ++Q`/BM; iQ i?2 T`Q+2/m`2 QmiHBM2/ BM aK2/2b M/
"QQBD (R9e) rBi?  72r KQ/B}+iBQMb b 7QHHQrb,  a_ b?22i rb +mi BMiQ 8X8 +K ×
NXy +K TB2+2b M/ irQ KQmMiBM; ?QH2b r2`2 K/2 i ≈RyKK 7`QK i?2 2/;2b- i?mb
i?2 2tTQbm`2 `2 rb ≈Ryy +Kk T2` K2K#`M2X h?2 K2K#`M2b r2`2 i?2M T`2@
8k
h#H2 jXR, S2`7Q`KM+2 Q7 S1a K2K#`M2 BM p`BQmb bQHp2Mib
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h2i`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M Y MX/X MX/X MX/X
hQHm2M2 @ dR dd yXy
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aQHm#BHBiv Q7 S1a K2K#`M2 BM i?2 bQHp2Mi i `QQK i2KT2`im`2 UY- bQHm#H2c @- BMbQHm#H2Vc
#-+*H+mHi2/ b  T2`+2Mi;2 `2HiBp2 iQ i?2 BMBiBH pHm2c MX/X- MQi /2i2`KBM2/X
+H2M2/ #v bQt?H2i 2ti`+iBQM BM 2i?vH+2ii2 /m`BM; }p2 /vb iQ `2KQp2 BKTm`BiB2b
M/ QHB;QK2`b- M/ i?2`27i2` bQF2/ irB+2 BM K2i?MQH 7Q` 3 ? 2+? iQ `2KQp2 2i?vH
+2ii2X S_*b r2`2 i?2M bTBF2/ QMiQ i?2 K2K#`M2b #v 2[mBHB#`iBM; BM  9yyKG
K2i?MQH@ri2` KBtim`2 UR,R- pfpV /m`BM; b2p2M /vbX 6BMHHv- i?2 K2K#`M2b r2`2
/`B2/ rBi? HBMi 7`22 iBbbm2 M/ biQ`2/ i 9 ◦* mMiBH mb2X
jXkXk 6B2H/ /2THQvK2Mi M/ `2i`B2pH
6B2H/ T2`7Q`KM+2 Q7 S1a BM +QKT`BbQM iQ a_ rb i2bi2/ #v /2THQvBM; #Qi? bQ`#2Mib
BM T`HH2H i irQ biiBQMb HQM; aQbBMB `Bp2`- E2Mv Uyêj′a M/ yê88′L- j9ê88′1 M/
j8êjR′1c b22 TT2M/Bt AXkVX b Bib MK2 bm;;2bib- i?2 `Bp2` Bb `Q+Fv M/ im`#mH2Mi-
M/ +M #2 +QMbB/2`2/ iQ #2 r2HH KBt2/ 2bT2+BHHv /m`BM; HQr ~Qrb 7`QK .2+2K#2` iQ
62#`m`vX h?Bb T2`BQ/ K`Fb i?2 /`v b2bQM rBi? k8X9KK p2`;2 `BM7HH M/ K2M
i2KT2`im`2 ?B;?b Q7 k9Xd ◦* M/ HQrb Q7 RyXd ◦*X _Bp2` ~Qr p2HQ+BiB2b p2`;2/
yXj9KfbX h?2 irQ bKTHBM; biiBQMb r2`2 TQBMib HQM; i?2 `Bp2` b Bi K2M/2`b
i?`Qm;? i?2 iQrMX h?2 bKTHBM; +KTB;M rb +``B2/ Qmi 7`QK .2+2K#2` kyR9 iQ
CMm`v kyR8X
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:Bp2M i?i i?2 p2`;2 ri2` /2Ti? HQM; i?2 `Bp2` /m`BM; i?2 bKTHBM; T2`BQ/ rb
yX3K- i?2 bKTH2`b +QmH/ MQi #2 /2THQv2/ BM biM/`/ +;2b- i?mb  ?QK2K/2
TT`Q+? rb /2bB;M2/ b 7QHHQrbX h?`22 S1a K2K#`M2b r2`2 b2+m`2/ QMiQ  rB`2
K2b? 7Q` T`Qi2+iBQM ;BMbi #`bBQMX h?2 K2b? rb i?2M iB2/ QM #Qi? 2M/b QMiQ 
TQHvT`QTvH2M2 `QT2- QMiQ r?B+? MBM2 a_ b?22ib r2`2 HbQ }t2/X h?2 `QT2 rb i?2M
}`bi M+?Q`2/ QMiQ #QmH/2`b i?i r2`2 `2/BHv pBH#H2 i i?2 `Bp2` #2/ iQ 2Mbm`2
i?i i?2 bKTH2`b `2KBM2/ BKK2`b2/ BM ri2` i TT`QtBKi2Hv irQ@i?B`/b /2Ti?
7`QK i?2 ri2` bm`7+2- M/ i?2M 7m`i?2` 7bi2M2/ QMiQ rQQ/2M T2;b i i?2 `Bp2`
#MFbX 6B2H/ 2tTQbm`2 /m`iBQM rb jy /X .m`BM; `2i`B2pH- S1a K2K#`M2b r2`2
+`27mHHv `2KQp2/ 7`QK i?2 rB`2 K2b?- i?2M #Qi? S1a M/ a_ bKTH2`b r2`2 `BMb2/
BM `Bp2` ri2` iQ `2KQp2 2t+2bb #BQ7QmHBM; M/ /2#`Bb- Tii2/ /`v rBi? HBMi 7`22 iBbbm2-
r`TT2/ BM T`2@+H2M2/ HmKBMBmK 7QBH M/ i`MbTQ`i2/ BM  +QQH2` #Qt i 9 ◦*X h?2
bKTH2`b r2`2 biQ`2/ i Ɛky ◦* mMiBH MHvbBbX
jXkXj 1ti`+iBQM M/ MHvbBb
 S1a bKTH2` +QMbBbi2/ Q7 QM2 K2K#`M2 BKTHvBM; i?`22 bKTH2`b T2` bKTHBM;
biiBQMX h?2 bKTH2`b r2`2 Tii2/ /`v rBi? HBMi@7`22 iBbbm2 M/ TH+2/ BM  RyyKG
1`H2MK2v2` ~bF BMiQ r?B+? R8KG 2i?vH +2ii2 rb //2/- i?2M i?2 K2K#`M2b
r2`2 2ti`+i2/ QM M Q`#BiH b?F2` /m`BM; kyKBM i Ny `TKX h?2 2ti`+i rb
i`Mb72``2/ iQ  9yKG 2pTQ`iBQM im#2- i?2M i?2 2ti`+iBQM T`Q+2bb rb `2T2i2/
QM+2 mbBM; 7`2b? bQHp2MiX HH i?2 2ti`+ib M/ `BMbBM; KQmMiBM; iQ TT`QtBKi2Hv
9yKG r2`2 i?2M +QM+2Mi`i2/ iQ kKG QM  hm`#QpT +QM+2Mi`iBQM rQ`FbiiBQMX
h?2 2ti`+i rb +H2M2/ M/ /`B2/ #v TbbBM; i?`Qm;?  ;Hbb +QHmKM T+F2/ rBi?
M?v/`Qmb bQ/BmK bmHT?i2 BMiQ  9yKG 2pTQ`iBQM im#2X h?2 +QHmKM rb `BMb2/
irB+2 2+? rBi? 8KG 2i?vH +2ii2- i?2M i?2 +H2M2/ 2ti`+i rb 7m`i?2` +QM+2M@
i`i2/ iQ RKG mM/2`  +QH/ ;2MiH2 bi`2K Q7 MBi`Q;2MX h?2 2ti`+i rb i`Mb72``2/
BMiQ  Sh61@+TT2/ ;Hbb pBH M/ MHvx2/ #v HB[mB/ BMD2+iBQM QM  :*ĜJaX
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 a_ bKTH2` +QMbBbi2/ Q7 i?`22 K2K#`M2b- vB2H/BM; i`BTHB+i2 bKTH2`b 2+? T2`
bKTHBM; biiBQMX h?2 bKTH2`b r2`2 HbQ }`bi Tii2/ /`v rBi? HBMi@7`22 iBbbm2- i?2M
2ti`+i2/ irB+2 2+? BM RyyKG K2i?MQH i `QQK i2KT2`im`2 /m`BM; Rk ? M/ 3 ?
`2bT2+iBp2HvX h?2 2ti`+ib r2`2 +QM+2Mi`i2/ iQ kKG QM  hm`#QpT +QM+2Mi`iBQM
rQ`FbiiBQM- i?2M kyKG Q7 2i?vH +2ii2 r2`2 //2/ M/ 7m`i?2` +QM+2Mi`i2/ iQ
kKGX h?2 `2bi Q7 i?2 T`Q+2/m`2 i?2M T`Q+22/2/ b rBi? i?2 S1a bKTH2`bX
jXkX9 .2i2`KBMiBQM Q7 [m2Qmb +QM+2Mi`iBQMb
1MpB`QMK2MiH 7+iQ`b i?i z2+i i?2 ++mKmHiBQM Q7 Q`;MB+ +?2KB+Hb 7`QK i?2
[m2Qmb T?b2 QMiQ  TbbBp2 bKTH2` BM+Hm/2 i2KT2`im`2 M/ ri2` im`#mH2M+2
(93)X h?mb- bbmKBM; i?i i?2 S1a +HB#`iBQM 2tT2`BK2Mi rb +``B2/ Qmi i T@
T`QtBKi2Hv i?2 }2H/ +QM/BiBQMb- i?i Bb- i  i2KT2`im`2 Q7 kjX8 ◦* M/ ~Qr p2HQ+Biv
Q7 yXj9Kfb- [m2Qmb +QM+2Mi`iBQMb r2`2 +QKTmi2/ #v BMpQFBM; 2[miBQM kXR3 M/
mbBM; bQ`#2/ KQmMib Q7 i?2 MHvi2b BM S1a UNi V M/ Rb b /Bb+mbb2/ BM bm#b2+@
iBQM jXRX9X [m2Qmb +QM+2Mi`iBQMb Q#iBM2/ mbBM; a_ r2`2 +H+mHi2/ 7`QK bQ`#2/
KQmMib mbBM; 2[miBQM kXRdX ETr pHm2b r2`2 Q#iBM2/ 7`QK HBi2`im`2 (R9d)X _b
r2`2 +H+mHi2/ mbBM; i?2 MQM@HBM2` H2bi b[m`2b `2;`2bbBQM M/ i?2 7`+iBQMb Q7
`2KBMBM; S_*b mbBM; 2[miBQM kXkkX
jXkX8 ZmHBiv bbm`M+2
.m`BM; HH i?2 T`2T`iBQM T`Q+2bb2b- }2H/ /2THQvK2Mi M/ `2i`B2pH- /mTHB+i2 bK@
TH2`b r2`2 2tTQb2/ iQ B` BM i?2 pB+BMBiv Q7 i?2 rQ`FBM; bm`7+2X h?2b2 #HMFb r2`2
2ti`+i2/ M/ MHvx2/ MHQ;Qmb iQ i?2 }2H/@2tTQb2/ bKTH2`bX AM //BiBQM- T`Q@
+2/m`H #HMFb r2`2 HbQ T`Q+2bb2/ bBKBH`Hv #mi rBi?Qmi i?2 bKTH2`bX J2bm`2/
+QM+2Mi`iBQMb r2`2 #HMF@+Q``2+i2/ r?2`2 MHvi2b r2`2 [mMiB}2/ BM #HMFbX
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jXj .2i2`KBMBM; >P*b BM b2/BK2MifTQ`2ri2`
jXjXR a2/BK2Mi bKTHBM;
i 2+? Q7 i?2 bKTHBM; biiBQMb- b2/BK2Mib r2`2 +QHH2+i2/ 7`QK }p2 TQBMib HQM; 
i`Mb2+i i?i rb T`HH2H iQ i?2 /2THQv2/ TbbBp2 bKTH2`b- #v ;`# bKTHBM; mbBM;
 T`2@+H2M2/ biBMH2bb bi22H b?Qp2H M/ +QMiBM2` U};m`2 CXR BM TT2M/BtVX 6QHHQrBM;
i?2 `2KQpH Q7 H`;2 /2#`Bb- i?2 b2/BK2Mib r2`2 i?Q`Qm;?Hv KBt2/ iQ  ?QKQ;2M2Qmb
#H2M/ 7`QK r?B+? bm#@bKTH2b r2`2 +QHH2+i2/ M/ biQ`2/ BM T`2@+H2M2/ #`QrM ;Hbb
#QiiH2b M/ +TT2/ rBi? i2~QM HB/b i?i r2`2 HBM2/ rBi? HmKBMBmK 7QBHX h?2 #QiiH2b
r2`2 i`MbTQ`i2/ BM B+2 #Qt2b i 9 ◦* iQ i?2 H#Q`iQ`v BM E2Mv M/ biQ`2/ i
Ɛky ◦*X h?2 b2/BK2Mib r2`2 HbQ i`MbTQ`i2/ i 9 ◦* iQ i?2 H#Q`iQ`v BM :2`KMv-
M/ HBF2rBb2 biQ`2/ i Ɛky ◦* mMiBH 2ti`+iBQMX "27Q`2 biQ`;2-  TQ`iBQM Q7 i?2 r2i
b2/BK2Mib r2`2 B`@/`B2/ BM  7mK2 +mT#Q`/ iQ +QMbiMi r2B;?iX
jXjXk .2i2`KBMBM; b2/BK2Mi +?`+i2`BbiB+b
.2#`Bb rb `2KQp2/ 7`QK B`Ĝ/`B2/ b2/BK2Mib mbBM;  kKK bB2p2- M/ i?2M i?2
bB2p2/ b2/BK2Mib r2`2 /BpB/2/ iQ Ry ; TQ`iBQMbX .`v Kii2` +QMi2Mi rb /2i2`KBM2/
#v /`vBM; b2/BK2Mi TQ`iBQMb i Ry8 ◦* BM  KQBbim`2 MHvx2`X P`;MB+ +`#QM
rb /2i2`KBM2/ b2KB@[mMiBiiBp2Hv- BM i`BTHB+i2- i?`Qm;? /2bi`m+iBQM Q7  b2/BK2Mi
TQ`iBQM rBi? ?v/`Q;2M T2`QtB/2 7QHHQr2/ #v /`vBM; i Ry8 ◦* iQ +QMbiMi r2B;?i-
+QQHBM; BM  /2bB++iQ` M/ K2bm`2K2Mi Q7 i?2 r2B;?iX q2B;?i HQbb /2}M2/ i?2
T2`+2Mi;2 Q`;MB+ +`#QM +QMi2MiX aQBH i2tim`2- MK2Hv- 7`+iBQMb Q7 bBHi- +Hv M/
bM/ rb /2i2`KBM2/ #v bB2pBM; K2i?Q/X .2iBHb Q7 i?2b2 T`Q+2/m`2b `2 ;Bp2M BM
TT2M/Bt CXRX
8e
jXjXj 1ti`+iBQM Q7 b2/BK2Mi bKTH2b 7Q` MHvbBb Q7 >P*b
1ti`+iBQMb Q7 b2/BK2Mi bKTH2b rb /QM2 #v ++2H2`i2/ bQHp2Mi 2ti`+iBQM Ua1V
U.BQM2t- amMMvpH2- *VX k ; M/ R ; `2bT2+iBp2Hv Q7 T`2@+H2M2/ ~Q`BbBH M/ +QTT2`
r2`2 TH+2/ BM  +2HHmHQb2 i?BK#H2 i?i rb BMbB/2  kkKG biBMH2bb bi22H 2ti`+iBQM
+2HH BM i?i Q`/2`X Ry ; Q7 B`Ĝ/`B2/ b2/BK2Mib r2`2 KBt2/ rBi? ?v/`QKi`Bt M/
//2/ iQ i?2 i?BK#H2- i?2M RKG Q7  bQHmiBQM +QMiBMBM; T?2MMi?`2M2Ĝ/Ry M/
S*" Ry9 UR ƒ;fG BM BbQT`QTMQHV rb //2/ iQ i?2 KBtim`2 M/ H27i iQ /`vX Mv
2ti` bT+2 rb }HH2/ mT rBi? ?v/`QKi`Bt iQ +T+Biv- i?2M i?2 +2HH rb +Qp2`2/
rBi?  +2HHmHQb2 }Hi2` #27Q`2 +HQbBM; rBi? i?2 biBMH2bb bi22H +TX h?2 bKTH2b r2`2
T`2T`2/ BM /mTHB+i2 T2` bKTHBM; biiBQMX AM //BiBQM- #HMFb rBi?Qmi b2/BK2Mib
r2`2 HbQ T`2T`2/ b +QMi`QHbX h?2 bKTH2 +2HHb r2`2 i?2M TH+2/ QM i?2 +`Qmb2H
Q7 M a1 kyy bvbi2KX 1ti`+iBQMb r2`2 /QM2 mbBM; ?2tM2Ĝ+2iQM2 UR,R- pfpV
KBtim`2X h?2 2ti`+iBQM +QM/BiBQMb r2`2 b 7QHHQrb, k 2ti`+iBQM +v+H2b i R8yy TbB
bvbi2K T`2bbm`2- Ryy ◦* Qp2M i2KT2`im`2- 8KBM T`2?2i iBK2 M/  biiB+ T2`BQ/ Q7
8KBMX h?2 2ti`+ib r2`2 ~mb?2/ Qmi i eyW +2HH pQHmK2 7Q` Rky b mbBM; T`2bbm`Bx2/
MBi`Q;2M iQ vB2H/ ≈ jyKG bQHmiBQMX h?2 2ti`+ib r2`2 +QM+2Mi`i2/ iQ RKG mM/2`
 +QH/ bi`2K Q7 MBi`Q;2M- i?2M i?2v r2`2 MHvx2/ #v :*ĜJaX
jXjX9 .2i2`KBMBM; TQ`2ri2` +QM+2Mi`iBQMb mbBM; S1a
h?2M Ry ; 2+? Q7 ?QKQ;2MBx2/ r2i M/ B`@/`B2/ b2/BK2Mib r2`2 r2B;?2/ Qmi BMiQ
jyKG ;Hbb #QiiH2bX kyKG Q7 #B/BbiBHH2/ ri2` +QMiBMBM; bQ/BmK xB/2 UyXk ;fGV
M/  +H2M S1a bi`BT URXe +K #v 8 +KV r2`2 //2/ iQ 2+? #QiiH2X h?Bb /BK2MbBQM
Q7 S1a bi`BTb rb +?Qb2M iQ 2Mbm`2 i?i bQ`#2/ KQmMib r2`2 [mMiB}#H2 M/ HbQ
iQ 2Mbm`2 MQMĜ/2TH2iBQM Q7 +QKTQmM/b 7`QK TQ`2ri2` K2/BmK Ub22 TT2M/Bt CXkVX
h?2 #QiiH2b r2`2 +TT2/ rBi? i2~QM HB/b HBM2/ QM i?2 BMbB/2 rBi? HmKBMBmK 7QBH M/
b?F2M i Ny `TK QM  ?Q`BxQMiH b?F2`- i `QQK i2KT2`im`2 BM i?2 /`FX .mTHB+i2
8d
bKTH2b 2+? r2`2 mb2/ 7Q` B`@/`B2/ M/ r2i b2/BK2MibX AM //BiBQM- #HMF bKTH2b
rBi?Qmi b2/BK2Mib r2`2 HbQ T`2T`2/X h?2 2tT2`BK2Mi rb b2i mT BM  irQ@bi2T
iBK2 b2`B2b KQ/2 HbiBM; jy / M/ 89 /X h?2b2 iBK2 bi2Tb r2`2 +?Qb2M iQ `2~2+i i?2
MQ`KH }2H/ bKTHBM; /m`iBQM BM bm`7+2 ri2` M/ TT`QtBKi2Hv /Qm#H2 i?Bb iBK2
iQ 2Mbm`2 iiBMK2Mi Q7 2[mBHB#`BmKX i i?2 2HTb2 Q7 2+? 2tT2`BK2Mi /m`iBQM- i?2
bi`BTb r2`2 iF2M Qmi M/ /`B2/ rBi? HBMi@7`22 iBbbm2X h?2 bi`BTb r2`2 2ti`+i2/ M/
MHvx2/ 7QHHQrBM; i?2 T`Q+2/m`2 QmiHBM2/ BM b2+iBQM jXkXj M/ TT2M/Bt b2+iBQM *X
jX9 AMTmi /i 7Q` i?2 b2/BK2Mi KQ/2H
h?2 +Q/2 7Q` i?2 a2/BK2Mi JQ/2H p2`bBQM kXyy Ub22 b2+iBQM GXk Q7 i?2 TT2M/BtV rb
Q#iBM2/ M/ `2@r`Bii2M BM 1t+2H iQ 2M#H2 /DmbiK2Mib r?2`2 TTHB+#H2 (kd)X qi2`
M/ b2/BK2Mi +QM+2Mi`iBQMb M/ iQiH Q`;MB+ +`#QM UhP*V r2`2 /2i2`KBM2/ b
/2b+`B#2/ BM b2+iBQMb jXjX9- jXjXj M/ jXjXk `2bT2+iBp2Hv- i?2M i?2 pHm2b r2`2 mb2/
iQ +H+mHi2 Q`;MB+ +`#QM T`iBiBQM +Q2{+B2Mib UEQ+VX P`;MB+ Kii2` T`iBiBQM
+Q2{+B2Mi- KQK rb +H+mHi2/ b  T`Q/m+i Q7 KQ+ M/ i?2 Kbb 7`+iBQM Q7 Q`;MB+
Kii2` BM b2/BK2Mib UhPJVX hPJ rb 2biBKi2/ 7`QK hP* pHm2b b TOM(%) =
1.803TOC+ 1.135 (ee)X hQiH bmbT2M/2/ bQHB/b UhaaV BM ri2` r2`2 /2i2`KBM2/
;`pBK2i`B+HHv #v bB2pBM; 8yyKG ri2` bKTH2 i?`Qm;?  T`2Ĝ+H2M2/ M/ r2B;?2/
yX98 ƒK ;Hbb }#2` }Hi2` USHH *Q`TQ`iBQMVX h?2 }Hi2` rb /`B2/ Qp2`MB;?i i Ry8 ◦*
M/ i?2`27i2` +QQH2/ M/ r2B;?2/ ;BMX h?2 +QM+2Mi`iBQM Q7 haa BM ri2` rb
+H+mHi2/ BM K;fG b  [mQiB2Mi Q7 i?2 /Bz2`2M+2b BM }Hi2` r2B;?i K2bm`2K2Mib
M/ i?2 ri2` pQHmK2X *?2KB+H +QM+2Mi`iBQM BM haa rb 2biBKi2/ mbBM; 2[miBQM
kXk3 M/ 7`22Hv /BbbQHp2/ Cr /2i2`KBM2/ mbBM; a_- M/ 2tT2`BK2MiH KQ+ M/ hP*X
hQiH ri2` +QM+2Mi`iBQMb r2`2  bmK Q7 7`22Hv /BbbQHp2/ M/ haa +QM+2Mi`iBQMbX
Pi?2` BMTmi /i r2`2 /2i2`KBM2/ BM i?2 }2H/ Q` mbBM; 2biBKiBQM KQ/2Hbf2[miBQMb
Q` Q#iBM2/ 7`QK HBi2`im`2X  bmKK`v Q7 i?2 bT2+B}+ T`K2i2`b M/ /i bQm`+2b




9XR G#Q`iQ`v /2i2`KBM2/ F2v T`QT2`iB2b Q7 S1a
9XRXR lTiF2 Q7 >P*b 7`QK i?2 [m2Qmb T?b2 BMiQ S1a
aQ`TiBQM TQi2MiBH Q7 S1a 7Q` >P*b Bb /2KQMbi`i2/ BM i?2 mTiF2 +m`p2b b b?QrM
BM };m`2 9XRX 6m`i?2` /i Bb pBH#H2 BM b2+iBQM . Q7 i?2 TT2M/BtX h?2 mTiF2 Q7
""S M/ KQbi S>b U};m`2 9XR- H27iV `2KBM2/ BM i?2 HBM2` `M;2 mT iQ RyĜRk /X
JtBKmK bQ`#2/ +QM+2Mi`iBQMb r2`2 `2+Q`/2/ i i?2b2 bKTHBM; iBK2b #27Q`2 i?2v
bHB;?iHv `2/m+2/ Q` `2KBM2/ 7B`Hv +QMbiMi BM bm#b2[m2Mi /vbX 6Q` i?2 `2bi Q7 i?2
+QKTQmM/b- mTiF2 ;2M2`HHv `2KBM2/ BM i?2 HBM2` `M;2 7Q` i?2 +QKTH2i2 2tT2`B@
K2MiH /m`iBQM U};m`2 9XR- `B;?iVX >2M+2- Bi b22Kb i?i BM S1a- bQK2 +QKTQmM/b
iiBM TT`2Mi 2[mBHB#`BmK 7bi2` i?M Qi?2`bX o2`K2B`bb2M 2i HX (Re8) 2bi#HBb?2/
bBKBH` HBM2` THQib 7Q` /BxBMQM M/ /Bm`QM /m`BM;  jkĜ/v 2tT2`BK2MiH /m`iBQM
#mi Qi?2` +QKTQmM/b U/2BbQT`QTvHi`xBM2 M/ #2MxQi`BxQH2V `2+?2/ 2[mBHB#`BmK
rBi?BM 8Ĝ3 /vbX h?2 i2`K TT`2Mi 2[mBHB#`BmK Bb mb2/ ?2`2 bBM+2 i`m2 2[mBHB#`BmK

























































6B;m`2 9XR, lTiF2 +m`p2b 7Q` bQK2 >P*b i?i iiBM2/ TT`2Mi 2[mBHB#`BmK UH27iV
M/ i?Qb2 i?i `2KBM2/ BM i?2 HBM2` T?b2 7Q` i?2 r?QH2 2tT2`BK2MiH /m`iBQM
U`B;?iVX `2T`2b2Mib i?2 K2M Q7 K2bm`2/ +QM+2Mi`iBQMb- M/ 2``Q` #`b `2T`2b2Mi
i?2 biM/`/ /2pBiBQM 7`QK i?2 K2M UM4k- M49 i /v dVX
ey
+QKTQmM/b +M #2 2tTHBM2/ #v i?2 /BzmbBQM T`Q+2bb BM i?2 TQ`Qmb K2K#`M2X *QM@
bB/2`BM; i?2 bi`m+im`2 Q7 S1a U};m`2 kX9V M/ Bib bQ`TiBQM K2+?MBbKb b ?B;?HB;?i2/
BM b2+iBQM kXjXd- Bi Bb TQbbB#H2 i?i 7Q` bQK2 +QKTQmM/b- mTiF2 /m`BM; i?2 }`bi 72r
/vb Bb  bBKmHiM2Qmb bQ`TiBQM iQ /BbbQHmiBQM bBi2b UKQ`T?Qmb `2;BQMbV M/ i?2
+QM/2Mb2/ ;Hbbv T?b2b U?QH2Ĝ}HHBM; T`Q+2bbVX aQ`TiBQM iQ /BbbQHmiBQM bBi2b Bb 7bi2`
QrBM; iQ i?2 ?B;?2` /BzmbBQM +Q2{+B2Mib- #mi b i?2b2 `2;BQMb }HH mT- bQ`TiBQM Bb
bHQr2/ /QrM BM i?2 +QM/2Mb2/ T?b2b /m2 iQ HQr2` /BzmbBpBiB2b BM i?2b2 `2;BQMb-
M/ i?Bb T?2MQK2MQM Kv ;Bp2 M BKT`2bbBQM Q7 2[mBHB#`BmK iiBMK2MiX :Hbbv
TQHvK2`b ;2M2`HHv ?p2 HQr2` /BzmbBQM +Q2{+B2Mib i?M `m##2`v TQHvK2`b rBi? i?2
`iBQ .`m##2`vf.;Hbbv `M;BM; 7`QK 102 iQ 108 M/ BM+`2b2b rBi? T2M2i`Mi /BK2@
i2` (Rj9)X AM/22/- Mm+H2` K;M2iB+ `2bQMM+2 ULJ_V bim/B2b Q7 Rj*Pk bQ`TiBQM BM
;Hbbv TQHvbiv`2M2 M/ TQHv+`#QMi2 TQHvK2`b b?Qr2/ i?i DmKTb #2ir22M /BbbQ@
HmiBQM bBi2b ?/ Ryyy@7QH/ ;`2i2` /BzmbBQM +Q2{+B2Mib M/ k@7QH/ HQr2` +iBpiBQM
2M2`;B2b i?M DmKTb #2ir22M ?QH2bfTQ`2b (RdN)X h?Bb K2Mb i?i DmKTbf/BzmbBQM
i?`Qm;? +QM/2Mb2/ `2;BQMbfTQ`2b Bb  bHQr2` T`Q+2bbX h?2 Q++m``2M+2 Q7 /BzmbBQM
BM i?2 +QM/2Mb2/ `2;BQMb UBMi`T`iB+H2 /BzmbBQMV Q7 S1a K2K#`M2 rBHH #2 /2KQM@
bi`i2/ 7m`i?2` QM- M/ bBM+2 Bi Bb  bHQr T`Q+2bb- i?Bb 2tTHBMb i?2 HBM2`Biv Q7 mTiF2
+m`p2b U};m`2 9XRV M/ i?2 /2Hv BM 2bi#HBb?K2Mi Q7 2[mBHB#`BmKX h?mb- mTiF2 Q7
>P*b iQ S1a rBi?BM i?2 2tT2`BK2MiH /m`iBQM i?i HbQ 7HHb rBi?BM i?2 `M;2 Q7
 ivTB+H }2H/ /2THQvK2Mi rBHH ;2M2`HHv #2 FBM2iB+ Ub22 };m`2 kXkVX
:Bp2M i?2 ?2i2`Q;2M2Biv Q7 TQ`2 bBx2b U};m`2 kX9V- KQp2K2Mi Q7 i?2 +QKTQmM/b 7`QK
i?2 }HH2/ĜmT bm`7+2 bQ`TiBQM bBi2b iQ i?2 K2bQTQ`2b Q` KB+`QTQ`2b Kv #2 bHQr2`
/m2 iQ bi2`B+ ?BM/`M+2 i i?2 pQB/ QT2MBM; (RdN)X A7 i?Bb Bb i`m2- i?2M Bb b22Kb
iQ z2+i KBMHv i?2 S>b U};m`2 9XR- H27iV M/ MQi i?2 S*"b- +?HQ`BMi2/ >P*b
M/ bm#biBimi2/ S>b U};m`2 9XR- `B;?iVX 6Q` BMbiM+2- i?2 mTiF2 +m`p2b 7Q` S*"b
k3 M/ 8k UG2"b KQH` pQHmK2b 4 k9dXj M/ ke3Xk +KjfKQH- `2bT2+iBp2HvV r2`2
HBM2` r?BH2 i?Qb2 Q7 #2MxQ()Mi?`+2M2 M/ #2MxQ()Tv`2M2 UG2"b KQH` pQHmK2b
4 k93Xy M/ kejXy +KjfKQH- `2bT2+iBp2HvV b?Qr2/ M BMBiBH HBM2` T?b2 7QHHQr2/
eR
#v  `2/m+iBQM BM i?2 mTiF2 b b?QrM BM };m`2 9XR UH27iVX Ai Bb TQbbB#H2 i?i i?2
KQH2+mH` H2M;i? M/ b?T2 /2i2`KBM2b i?2 T`2b2M+2f#b2M+2 Q7 bi2`B+ ?BM/`M+2 i
i?2 TQ`2 QT2MBM;b- bQ i?i S>b rBi? #2M/2/ bi`m+im`2b +QMbBbiBM; Q7 i?`22 Q` KQ`2
7mb2/ `BM;b 2tT2`B2M+2 /B{+mHiv T2M2i`iBM; i?2 TQ`2b Ub22 bi`m+im`2b BM b2+iBQM 
Q7 i?2 TT2M/BtVX h?mb- bQ`TiBQM Q7 S>b- 2bT2+BHHv i?2 ?B;? KQH2+mH` r2B;?i-
Kv #2 HBKBi2/ iQ i?2 bm`7+2 M/ b i?2 bQ`TiBQM bBi2b ;2i }HH2/- i?2M mTiF2 Bb
`2/m+2/X h?Bb Q#b2`piBQM Bb bmTTQ`i2/ #v i?2 7+i i?i bQ`#2/ KQmMib Q7 S>b
;2M2`HHv /2+`2b2/ rBi? BM+`2b2 BM KQH2+mH` r2B;?i Ub22 /i BM b2+iBQM . Q7
i?2 TT2M/BtV- r?B+? Bb ii`B#mi#H2 iQ bi2`B+ 2t+HmbBQMX AM T`BM+BTH2- i?2 `i2b Q7
+?2KB+H mTiF2 Ukm V M/ `2H2b2 Uk2 V b?QmH/ #2 7B`Hv 2[mBpH2Mi i 2[mBHB#`BmK bQ
i?i i?2 mTiF2 +m`p2 i i?Bb bi;2 Bb ;2M2`HHv ~ii2M2/ b b?QrM BM };m`2 kXkX h?2
/QrMr`/ +m`pim`2 Q7 i?2 mTiF2 +m`p2b i TT`2Mi 2[mBHB#`BmK U};m`2 9XR- H27iV
+M #2 2tTHBM2/ #v bHQr2/ mTiF2 /m2 iQ BMi`T`iB+H2 /BzmbBQM- BM //BiBQM iQ i?2
MQMĜmMB7Q`K mTiF2 M/ 2HBKBMiBQM `i2b b rBHH #2 /Bb+mbb2/ BM b2+iBQM 9XRXkX
b HbQ Q#b2`p2/ #v o2`K2B`bb2M 2i HX (Re8)- mTiF2 Q7 KQbi +QKTQmM/b `2KBM2/ BM
i?2 HBM2` T?b2 U};m`2 9XR- `B;?iVX h?2b2 Q#b2`piBQMb BM/B+i2 i?i S1a T`Q##Hv
?b  ?B;? bQ`TiBp2 +T+Biv 7Q` i?2 >P*b `2bmHiBM; BM ?B;? T`iBiBQM +Q2{+B2Mib-
BM r?B+? +b2 i`m2 2[mBHB#`BmK Kv MQi #2 iiBM2/ rBi?BM i?2 T`+iB+H iBK2 b+H2
Q7 M 2tT2`BK2MiH b2iĜmT (kR)X h?2 bQ`TiBQM +T+Biv Q7 S1a rb MQi BMp2biB;i2/
BM i?Bb bim/v M/ `2KBMb M QT2M [m2biBQM 7Q` 7m`i?2` `2b2`+?X >Qr2p2`-  ?B;?
bQ`TiBQM +T+Biv Bb THmbB#H2 +QMbB/2`BM; i?2 Q++m``2M+2 Q7 #Qi? /BbbQHmiBQM M/
?B;?Ĝ2M2`;v ?QH2fTQ`2 bQ`TiBQM bBi2b- mMHBF2 `m##2`v TQHvK2`b i?i KQbiHv +QKT`Bb2
QMHv i?2 /BbbQHmiBQM bBi2bX h?Bb Q#b2`piBQM ?b #22M /2KQMbi`i2/ BM Qi?2` ;Hbbv
TQHvK2`b- 7Q` BMbiM+2- r?2`2 So* ?/  ?B;?2` T`iBiBQM +Q2{+B2Mi 7Q` iQHm2M2 U
ETr43yNXkGfƒ;V i?M i?2 `m##2`v S1 U ETr4dyXdĜRkjXRGfƒ;V (Rj9)X >B;? bQ`T@
iBp2 +T+Biv Q7 S1a BKTHB2b 2[mBHB#`iBQM Kv iF2 HQM;2` i?M irQ r22Fb- T`Q##Hv
KQMi?b Q` v2`bX h?Bb Bb TQbbB#H2 ;Bp2M i?i 2[mBHB#`iBQM Q7 >P*b BM `m##2`v U#@
bQ`TiBp2V TQHvK2`b HBF2 a_ M/ G.S1 i?i ?p2 ?B;?2` /BzmbBQM +Q2{+B2Mib i?M
ek
;Hbbv TQHvK2`b- Kv iF2 b2p2`H r22Fb iQ v2`b /2T2M/BM; QM i?2 ?v/`QT?Q#B+Biv
Q7 i?2 >P*b (kj- Rjy)X
h?2 S1a K2K#`M2 mb2/ BM i?Bb bim/v Bb +QMbB/2`2/ TQH` /m2 iQ i?2 T`2b2M+2 Q7 
TQH` //BiBp2 UTQHv2i?vH2M2 ;Hv+QHV M/ PĜ+QMiBMBM; KQB2iB2b BM S1a bi`m+im`2X AM
HBM2 rBi? i?2 ;2M2`H T`BM+BTH2 ǴHBF2 /BbbQHp2b HBF2Ǵ- Bi Bb 2tT2+i2/ i?i ?v/`QT?Q#B+
+QKTQmM/b rBHH T`272`#Hv MQi bQ`# iQ i?2 S1aĜTQHv2i?vH2M2 ;Hv+QH #H2M/X >Qr2p2`-
i?2 `2bmHib Q7 i?Bb bim/v U};m`2 9XRV b?Qr i?2 +QMi``v- r?B+? 7m`i?2` b?Qrb i?i 7Q`
bQ`TiBQM iQ TQHvK2`b- i?2 +QM+2Ti ǴHBF2 /BbbQHp2b HBF2Ǵ Bb MQi Hrvb K2+?MBbiB+HHv
QT2`iBp2 (8y)X h?Bb Q#b2`piBQM +M #2 ii`B#mi2/ iQ i?2 bTiBH ``M;2K2Mi Q7
bQ`TiBQM /QKBMb BM S1a K2K#`M2- M/ i?2 /2;`22 Q7 +`QbbĜHBMFBM; (8y)X :Bp2M
i?i S1a #+F#QM2 Bb 2bb2MiBHHv ?v/`QT?Q#B+ U+QMi+i M;H2 4 8eêV- Bi Bb TQbbB#H2
i?i i?2 TQH` KQB2iB2b `2 KbF2/ BM i?2 BMi2`BQ`- H2pBM; i?2 MQMĜTQH` ;`QmTb
U#2Mx2M2 `BM;bV 2tTQb2/ QmibB/2 iQ ri2`- iQ +i b bQ`TiBQM bBi2b 7Q` i?2 >P*b
(8y- e8)X A7 i?2b2 PĜ+QMiBMBM; ;`QmTb r2`2 2tTQb2/ QmibB/2- i?2v rQmH/ BMi2`+i
rBi? ri2` KQH2+mH2b i?`Qm;? ?v/`Q;2M #QM/BM; H2/BM; iQ i?2 7Q`KiBQM Q7 ri2`
+Hmbi2`b i?i rQmH/ `2/m+2 i?2 ++2bbB#BHBiv Q7 >P*b iQ i?2 bQ`TiBQM /QKBMb M/
+QKT2i2 rBi? i?2K 7Q` bQ`TiBQM bBi2b- i?2`2#v `2/m+BM; i?2B` bQ`TiBQM (8y)X
A7 i?2 bTiBH ``M;2K2Mi Q7 bQ`TiBQM /QKBMb ?QH/b b /Bb+mbb2/ #Qp2- i?2M mTiF2
Kv HbQ #2 7pQm`2/ #v  +QKTiB#H2 bQ`#i2fbQ`#2Mi bvbi2K /m2 iQ bBKBH`Biv BM
bQHm#BHBiv T`K2i2`bX 6Q` 2tKTH2- i?2 /BbT2`bBQM UδdV- TQH` UδpV- M/ ?v/`Q;2MĜ
#QM/BM; UδhV i2`Kb Q7 i?2 >Mb2M bQHm#BHBiv T`K2i2`b UδHa BM JS1/2V 7Q` S1a `2
RNXe- RyX3- M/ NXk- `2bT2+iBp2HvX h?2b2 T`K2i2`b `2 bBKBH` iQ i?Qb2 Q7 ..h UkyXy-
8X8- jXRV- ""S URNXy- RRXk- jXRV- MT?i?H2M2 URNXk- kXy- 8XNV- T?2MMi?`2M2 UkyX3-
kXe- 8X9V- M/ ?2t+?HQ`Q#2Mx2M2 UkRXN- kXR- yXyV- M/ i?2 >P*fS1a BMi2`+iBQM Bb
2tT2+i2/ iQ #2 /QKBMi2/ #v /BbT2`bBQM 7Q`+2b (8k)X
//BiBQMHHv- i?2 `B;B/ +`QbbĜHBMF2/ bi`m+im`2 Q7 S1a +`2i2b  H`;2 bm`7+2 `2
ej
M/ #mM/Mi TQ`2b M/ bQ`TiBQM bBi2b U};m`2 kX9VX h?2 M``Qr TQ`2b Qz2` KmHiBTH2
+QMi+i TQBMib rBi?BM i?2 S1a Ki`Bt 7Q` i?2 bQ`#i2- H2/BM; iQ ?2B;?i2M2/ bQ`TiBQM
2M2`;B2b bm+? i?i i HQr@T?b2 +QM+2Mi`iBQMb- >P*b bQ`# 7pQm`#Hv iQ i?2b2 ?B;?
2M2`;v bBi2b bBM+2 i?2v ?p2 bi`QM; {MBiv 7Q` i?2 +QKTQmM/b (Rj9- Rj3)X
hQ 2Hm+B/i2 i?2 K2+?MBbKb i?i +QMi`QH i?2 mTiF2 T`Q+2bb 7Q` >P*b BM S1a- 7m`@
i?2` mTiF2 +m`p2b r2`2 /`rM mbBM; i?2 BMi`T`iB+H2 /BzmbBQM KQ/2H 2[miBQMb kXkj
U};m`2 9XkV M/ kXk9 U};m`2 9Xk#VX :2M2`HHv- i?2 HQ;`Bi?KB+ 7Q`K Q7 2[miBQM kXk9
vB2H/2/ #2ii2` HBM2` }ib UR2 = 0.81−1.00V i?M 2[miBQM kXkj UR2 = 0.70−1.00VX
h#H2 9XR b?Qrb Qi?2` `2;`2bbBQM T`K2i2`bX i i?2 }`bi BMbiM+2- i?2 ;2M2`H HBM@
2`Biv Q7 i?2 mTiF2 +m`p2b BM/B+i2b i?i ++mKmHiBQM Q7 i?2 +QKTQmM/b BM S1a
Bb BMi`T`iB+H2 /BzmbBQM +QMi`QHH2/X q?2i?2` i?Bb Bb i?2 QMHv HBKBiBM; T`Q+2bb Q`
MQi +M #2 2Hm+B/i2/ #v +QMbB/2`BM; i?2 pHm2b Q7 i?2 vĜBMi2`+2Ti U*V BM 2[m@
iBQM kXkj M/ bHQT2b UKV BM 2[miBQM kXk9X b H`2/v K2MiBQM2/ BM b2+iBQM kXjXd-
i?2 7QHHQrBM; +QM+HmbBQMb +M #2 K/2 7`QK i?2 pHm2 Q7 *, TQbBiBp2 pHm2b BKTHv
`TB/ bQ`TiBQM BM i?2 b?Q`iĜi2`K- M2;iBp2 pHm2b  `2i`/iBQM BM i?2 BMi`T`iB+H2
/BzmbBQM- M/ C= 0 BKTHB2b i?i bQ`TiBQM Bb +QMi`QHH2/ #v BMi`T`iB+H2 /BzmbBQMX
PM i?2 Qi?2` ?M/- m= 1.0 BKTHB2b }`biĜQ`/2` FBM2iB+b +QMi`QH i?2 bQ`TiBQM T`Q@
+2bb- 0.5<m< 0.8 BKTHB2b #Qi? }`biĜQ`/2` FBM2iB+b M/ BMi`T`iB+H2 /BzmbBQM `2
BMpQHp2/- M/ m= 0.5 BKTHB2b BMi`T`iB+H2 /BzmbBQM Bb i?2 QMHv `i2ĜHBKBiBM; T`Q+2bb
(Rd)X
LQM2 Q7 i?2 HBM2` THQib /`rM mbBM; 2[miBQM kXkj Tbb2/ i?`Qm;? i?2 Q`B;BM M/ *
pHm2b `M;2/ 7`QK jXkj iQ @8Xk9 Ui#H2 9XRVX lbBM; 2[miBQM kXk9- i?2 bHQT2 Q7 i?2
`2;`2bbBQM HBM2 UK pHm2bV ?/  K2M pHm2 Q7 0.64± 0.24 M/ r2`2 BM i?2 `M;2
0.5<m< 0.8 7Q` KQbi +QKTQmM/b rBi? i?2B` * pHm2b #2BM; bB;MB}+MiHv /Bz2`2Mi
7`QK x2`Q Up < 0.002VX h?Bb b?Qrb i?i 7Q` i?2b2 +QKTQmM/b- #Qi? BMi`T`iB+H2
/BzmbBQM M/ }`bi Q`/2` mTiF2 FBM2iB+b +QMi`QH bQ`TiBQM iQ S1aX h?2 2ti2Mi iQ
r?B+? 2Bi?2` Q7 i?2 T`Q+2bb2b +QMi`QHb i?2 ++mKmHiBQM Q7  +?2KB+H Bb MQi FMQrMX
e9
h#H2 9XR, _2;`2bbBQM T`K2i2`b 7Q` mTiF2 +m`p2b /`rM mbBM; i?2 BMi`T`iB+H2
/BzmbBQM 2[miBQMb kXkj M/ kXk9
*QKTQmM/ MK2
_2;`2bbBQM T`K2i2`b
1[miBQM kXkj (Re) 1[miBQM kXk9 (Rd)
FB/ * _k b K HQ; FB/ _k b
LT?i?H2M2 kXy3 RXRk yXdN RXy3 yX93 jX9R yX3j yXy3
+2MT?i?vH2M2 jX3d @RX38 yXNN yX9k yXee jXje yXNN yXyj
+2MT?i?2M2 jXyd @yXNe yXN3 yX9N yXek jXjj yXNd yXy9
S?2MMi?`2M2 NXR3 @8Xk9 yXN8 kXy9 yXe3 jXeN yXN3 yXy9
Mi?`+2M2 jXy3 @yXe8 yXNe yXek yX89 jX9k yXNd yXyj
6HmQ`Mi?2M2 dXNe @9X9R yXNk kX9j yXdy jXeR yXNe yXy8
Sv`2M2 8Xy3 @RX3k yX3N RXde yXe9 jX8k yXN9 yXye
"2Mx()Mi?`+2M2 jX88 jXkj yXdk kXkj yXjd jXdN yX3R yXye
*?`vb2M2 jXNy @RXkd yX3e RX8d yX8N jX98 yXNk yXye
"2MxQ(#)~mQ`Mi?2M2 dXej @yX89 yXdy 8Xyk yX8j jX3j yX3k yXyN
"2MxQ(F)~mQ`Mi?2M2 jX38 @yXR8 yX3R RX38 yX8y jX83 yX3e yXyd
"2MxQ()Tv`2M2 RXj9 yX33 yXd8 yXde yXjN jXjR yX39 yXye
AM/2MQ(R-k-j@+/)Tv`2M2 RXN8 yX83 yXd8 RXR9 yX9e jXjd yX38 yXyd
"2MxQ(;?B)T2`vH2M2 RXeR @kXke yXNy yX89 RXej RXdN yXNe yXRj
k@J2i?vHMT?i?H2M2 9XRN @kXdN yXNN yXjN yXdj jXk3 yXNN yXyj
k-d@.BK2i?vHMT?i?H2M2 9XRj @jXk8 yXNN yX99 yXd3 jXkR yXNN yXyk
>2t+?HQ`Q#2Mx2M2 jXkd @RX8N yXN3 yX93 yXee jXk3 yXN3 yXy9
J2i?Qtv+?HQ` jX8R yXdy yX3e RX9k yX8y jX83 yX3N yXye
S*" k3 9X38 @kXe9 yXNN yX8j yXe9 jX9e yXNN yXyk
S*" 8k jXdk @9Xje RXyy yXRd RXRN kXed yXNe yXyN
S*" RyR 9Xej @kXRd RXyy yXk8 yXej jX9e RXyy yXyR
S*" Rj3 jX3d @RXd3 yXN8 yXNy yXej jXjN yXNd yXy9
S*" R8j jXe9 @RXd8 yXNN yX9j yXe8 jXj9 yXNN yXyk
S*" R3y jXe8 @RXdk yXN9 yXNR yXe8 jXj9 yXN8 yXy8
Q-T@..1 9X9d @RXN3 yXNN yXjj yXej jX98 RXyy yXyR
T-T@..1 8XkN @kXej RXyy yXje yXe8 jX8y RXyy yXyR
Q-T@... 9XkN @RX93 yXN3 yX89 yXey jX93 yXNN yXyk
T-T@... kX8e @RXjy yXN8 yX8N yXe8 jXR3 yXN3 yXy9
Q-T@..h kXd3 @RXy3 yXNe yX8j yXeR jXk3 yXN3 yXyj
T-T@..h 8Xdj @jXRy yXN8 RXjR yXed jX8y yXN3 yXy9
""S yXNN yX3R yXdN yX8R yX99 jXRd yX39 yXyd







16 , S*" RyR
































R2 = 0.98, s= 0.04







bKTHBM; iBK2- t1/2 U/1/2V
, S?2MMi?`2M2
R2 = 0.95, s= 2.04





bKTHBM; iBK2- HQ; i U/V
#, S?2MMi?`2M2















6B;m`2 9Xk, lTiF2 +m`p2b 7Q` bQK2 >P*b /`rM mbBM; i?2 BMi`T`iB+H2 /BzmbBQM
2[miBQMb kXkj U};m`2 V M/ kXk9 U};m`2 #VX `2T`2b2Mib i?2 K2M Q7 K2bm`2/ +QM@
+2Mi`iBQMb- M/ 2``Q` #`b `2T`2b2Mi i?2 biM/`/ /2pBiBQM 7`QK i?2 K2M UM4kVX
ee
6Q`  72r +QKTQmM/b ?Qr2p2`- m≤ 0.5 M/ i?2B` * pHm2b r2`2 MQi bB;MB}+MiHv
/Bz2`2Mi 7`QK x2`Q Up > 0.002V BM/B+iBM; i?i 7Q` i?2b2 +QKTQmM/b- BMi`T`iB+H2
/BzmbBQM bi2T Bb i?2 HBKBiBM; T`Q+2bbX
"2bB/2b BMi`T`iB+H2 /BzmbBQM- Qi?2` 7+iQ`b bm+? b KQH2+mH` r2B;?i- b?T2 M/
bBx2- M/ +?2KB+H BMi2`+iBQM rBi? i?2 K2K#`M2 Kv HbQ #2 BMpQHp2/ BM i?2
mTiF2 T`Q+2bbX lbBM; 2[miBQM kXk9- FB/ pHm2b 7Q` S*"b b?Qr2/  bHB;?i T`Q@
;`2bbBp2 /2+`2b2 /QrM i?2 ?QKQHQ;Qmb b2`B2b UK2M kid = 2.52± 0.35μg/g ·dm-
m= 0.64±0.01V- rBi? i?2 2t+2TiBQM Q7 S*" 8k Ukid = 0.47μg/g ·dm- m= 1.19VX
h?mb- BMi`T`iB+H2 /BzmbBQM Q7 S*"b /2+`2b2b bHB;?iHv rBi? KQH2+mH` r2B;?i M/
/2;`22 Q7 +?HQ`BMiBQMX h?2 MQKHv rBi? S*" 8k Bb MQi v2i +H2` b Bi +MMQi #2
HBMF2/ iQ THM`Biv Q` /2;`22 Q7 +?HQ`BM2 bm#biBimiBQM- ;Bp2M i?2 Tii2`M BM FB/ pHm2b
7Q` i?2 Qi?2` K2K#2`b Q7 i?2 ?QKQHQ;Qmb b2`B2bX :Bp2M i?i m ≈ 1 7Q` S*" 8k- Bi
+M #2 +QM+Hm/2/ i?i Bib mTiF2 7QHHQrb }`biĜQ`/2` FBM2iB+b- M/ Kv #2 HBKBi2/ iQ
i?2 KQ`T?Qmb `2;BQMbX
6Q` S>b- FB/ pHm2b b?Qr2/ ;`2i2` p`BiBQM UK2M kid = 3.09± 1.72μg/g ·dm-
m= 0.64±0.29V- 2bT2+BHHv 7Q` BbQK2`b- 7Q` BMbiM+2 T?2MMi?`2M2 Ukid = 4.90μg/g ·dm-
m= 0.68V p2`bmb Mi?`+2M2 Ukid = 2.63μg/g ·dm- m= 0.54VX M/ #2Mx()Mi?`+2M2
Ukid = 6.17μg/g ·dm- m= 0.37V p2`bmb +?`vb2M2 Ukid = 2.82μg/g ·dm- m= 0.59VX h?Bb
Q#b2`piBQM b?Qrb  TQbbB#H2 `QH2 Q7 i?2 KQH2+mH` b?T2 M/ bBx2 BM mTiF2 T`Q+2bb
+QMi`B#miBM; iQ  T?2MQK2MQM HBF2 bi2`B+ ?BM/`M+2- bm+? i?i bQ`TiBQM Bb HBKBi2/ iQ
i?2 bm`7+2 7Q` H`;2` KQH2+mH` r2B;?i S>bX
:2M2`HHv- FB/ pHm2b 7Q` HH +QKTQmM/b r2`2 BM i?2 `M;2 0.87< kid < 9.18μg/g ·d1/2
U2[miBQM kXkjV M/ 0.06< kid < 6.76μg/g ·dm U2[miBQM kXk9V M/ b?Qr2/ MQ bT2+B}+
Tii2`M /QrM ?QKQHQ;Qmb b2`B2bX 6m`i?2`KQ`2- 2t+Hm/BM; irQ QmiHB2`b QM i?2 #bBb
Q7 i?2B` K pHm2b U#2MxQ(;?B)T2`vH2M2 M/ S*" 8kV- MQ +Q``2HiBQM UR2 = 0.01V rb
7QmM/ #2ir22M HQ; FB/ pHm2b M/ HQ;b Q7 KQr UbHQT24yXykV Q` KQH` Kbb2b UbHQT24@
ed
yXy9V U};m`2 9XjVX LQ +Q``2HiBQM UR2 = 0.00V rb HbQ 7QmM/ #2ir22M HQ; FB/ M/ HQ;
G2"b KQH` pQHmK2 UbHQT24@yXyjVX h?Bb BM/B+i2b i?i +?2KB+H mTiF2 BM S1a Bb
;2M2`HHv MQM@bT2+B}+ M/ Kv QMHv #2 HBKBi2/ #v i?2 KQ/2b Q7 BMi2`+iBQM Q7 i?2
bT2+B}+ +?2KB+H rBi? i?2 K2K#`M2X

























6B;m`2 9Xj, _2HiBQMb?BT #2ir22M FB/ M/ UV KQH` Kbb2b- M/ U#V KQr 7Q` S>b
U V- K2i?vHi2/ MT?i?H2M2b U V- S*"b U V- ..sb U V- T2biB+B/2b U V- M/ ""S U VX
9XRXk h?2 MBbQi`QTv Q7 mTiF2 M/ 2HBKBMiBQM +m`p2b
1HBKBMiBQM +m`p2b r2`2 THQii2/ mbBM; i?2 KQmMi Q7 MHvi2b `2KBMBM; BM bTBF2/
S1a bi`BTb 7QHHQrBM; /2bQ`TiBQM Qp2` iBK2X b b?QrM BM };m`2 9X9 #2HQr M/ i#H2
1Xk BM i?2 TT2M/Bt- S1a b?Qrb  ;`2i2` {MBiv 7Q` i?2 +QKTQmM/b bBM+2 i?2
KQmMib /2bQ`#2/ r2`2 BMbB;MB}+Mi Up> 0.05VX "2ir22M jĜRNW Q7 BMBiBH KQmMib
U*yV r2`2 /2bQ`#2/ 7Q` HH +QKTQmM/b 2t+2Ti HT?Ĝ>*> M/ ?2Ti+?HQ` i jRW
M/ jyW- `2bT2+iBp2HvX h?2 TQbbB#H2 +mb2b Q7 i?Bb Q#b2`piBQM `2 /Bb+mbb2/ #2HQrX
6B;m`2 9X8 b?Qrb ivTB+H 2tKTH2b Q7 bQ`TiBQM M/ /2bQ`TiBQM +m`p2b 7Q` BM/BpB/mH
+QKTQmM/b BM S1a K2K#`M2 U};m`2b 9X8Ĝ/V- M/ bQ`TiBQM Q7  +QKTQmM/ ;BMbi















































































6B;m`2 9X9, 1HBKBMiBQM +m`p2b 7Q` bQK2 +QKTQmM/bX `2T`2b2Mib K2bm`2/ KQmMib-
M/ 2``Q` #`b `2T`2b2Mi i?2 biM/`/ /2pBiBQM 7`QK i?2 K2M UM4kVX Mi Bb i?2



















































































6B;m`2 9X8, SHQib Q7 mTiF2 U V p2`bmb `2H2b2 U V Q7 +QKTQmM/b ;BMbi iBK2X h?2
THQi 2 b?Qrb i?2 mTiF2 Q7 +2MT?i?2M2 p2`bmb `2H2b2 Q7 +2MT?i?2M2@/RyX h?2
THQi 7 Bb i?2 2tT2+i2/ mTiF2 U V M/ `2H2b2 U V +m`p2b 7Q` M BbQi`QTB+ 2t+?M;2X
*Q M/ *KtX `2 i?2 BMBiBH M/ KtBKmK K2bm`2/ +QM+2Mi`iBQMb `2bT2+iBp2Hv-
M/ * i Bb i?2 +QM+2Mi`iBQM i iBK2 iX
dy
+m`p2b +H2`Hv /2KQMbi`i2 MBbQi`QTvX h?i Bb- mM/2` i?2 2tT2`BK2MiH +QM/BiBQMb-
i?2 bQ`TiBQM +m`p2 /Q2b MQi KB``Q` i?2 /2bQ`TiBQM QM2 b rQmH/ #2 2tT2+i2/ BM
M BbQi`QTB+ 2t+?M;2 U};m`2 9X87VX 6B;m`2 9X87 b?Qrb bQ`TiBQM `2p2`bB#BHBiv i?i Bb 
ivTB+H 7Q` `m##2`v TQHvK2`b- 7Q` BMbiM+2 bBHB+QM2 `m##2` (Rjk)X aQ`TiBQMf/2bQ`TiBQM
`2p2`bB#BHBiv Q++m`b #2+mb2 Q7 i?2 ~2tB#H2 KQ`T?Qmb /QKBMb- r?B+? iQ;2i?2` rBi?
i?2B` bTiBH ``M;2K2Mi M/ i?2 /2;`22 Q7 +`QbbĜHBMFBM;- ;Bp2b bBHB+QM2b  bmBi#H2
+QM};m`iBQM i?i HHQrb ?B;? /BzmbBpBiv Q7 ?v/`QT?Q#B+ Q`;MB+ +QKTQmM/b (Rjy)X
h?Bb HHQrb  +?2KB+H iQ /Bzmb2 i?`Qm;? Bi- BM  T`iBiBQMBM; T`Q+2bb- vB2H/BM;
bQ`TiBQMf/2bQ`TiBQM BbQi`QTv b b?QrM BM };m`2 9X87X
h?2 bQ`TiBQMf/2bQ`TiBQM MBbQi`QTv /BbTHv2/ #v S1a K2K#`M2 U};m`2b 9X8Ĝ2V
bm;;2bib  /2T`im`2 7`QK i?2 T`iBiBQMBM; T`Q+2bb 7Q` Q`;MB+ +QKTQmM/b 2t?B#Bi2/
#v `m##2`v TQHvK2`bX AM/22/- BMi`T`iB+H2 /BzmbBQM Q7 >P*b BM S1a rb /2KQM@
bi`i2/ BM i?2 T`2pBQmb b2+iBQM 9XRXR i?i Bb ii`B#mi2/ iQ Bib TQ`Qmb Mim`2X b
T`2pBQmbHv /Bb+mbb2/- i?2 bi`m+im`2 Q7 S1a +`2i2b +QM/BiBQMb i?i 7pQm` Bib mTiF2
Q7 +QKTQmM/b 7`QK i?2 [m2Qmb T?b2 U};m`2b 9XRVX >Qr2p2`- i?2b2 bK2 +QM/BiBQMb
Kv #2 mM7pQm`#H2 7Q` i?2B` `2H2b2 U};m`2 9X9V- i H2bi rBi?BM i?2 2tT2`BK2MiH
/m`iBQM- H2/BM; iQ MBbQi`QTB+ bQ`TiBQMf/2bQ`TiBQM +m`p2b U};m`2 9X8VX h?Bb Q#@
b2`piBQM bm;;2bib i?i i?2 K2+?MBbiB+ Ti?rvb 7Q` bQ`TiBQM M/ /2bQ`TiBQM `2
/Bz2`2Mi- i?i Bb- i?2b2 T`Q+2bb2b Kv Q++m` iQf7`QK /Bz2`2Mi KB+`Q2MpB`QMK2Mib (j)X
h?Bb bBimiBQM Kv #2 /m2 iQ  Km+? `2/m+2/ `2HtiBQM bT22/ Q7 TQHvK2` +?BMb
QrBM; iQ i?2 `B;B/Biv Q7 i?2 TQHvK2` bi`m+im`2- BM +QMi`bi iQ i?2 ~2tB#H2 +?BMb Q7
bBHB+QM2 `m##2`- `2bmHiBM; BM bHQr /BzmbBQM Q7 i?2 >P*b (Rj9)X
AM pB2r Q7 i?2 TQ`Qmb Mim`2 Q7 S1a- i?2 /Bz2`2M+2b BM i?2 mTiF2 M/ 2HBKBMiBQM
+m`p2b U};m`2 9X8V +QmH/ HbQ #2 ii`B#mi2/ iQ- KQM; Qi?2` 7+iQ`b- BV +TBHH`v +QM@
/2MbiBQM BM i?2 MMQpQB/b r?2`2 i?2 bQ`#BM; KQH2+mH2b #2+QK2 2Mi`TT2/ rBi?BM
i?2 TQ`2b bm+? i?i /2bQ`TiBQM 7`QK i?2b2 bBi2b Bb ;2M2`HHv mM7pQm`#H2 M/ i?2`2@
7Q`2 bHQr- M/fQ` BBV TQ`2 /27Q`KiBQMf`2Q`;MBxiBQM #v i?2 bQ`#i2b i?i H2/b iQ
dR
/Bz2`2Mi T?vbB+H Ti?rvb 7Q` bQ`TiBQM M/ /2bQ`TiBQM (8N- 3e- R83)X h?2 /Bz2`2Mi
Ti?rvb Q++m` r?2M bQ`#i2 KQH2+mH2b 7Q`+2 i?2 2tTMbBQM Q7 TQ`2b +`2iBM;  M2r
BMi2`MH bm`7+2 `2 rBi?BM i?2 S1a Ki`Bt bm+? i?i QM /2bQ`TiBQM-  H; +M 2tBbi
#2ir22M bQ`#i2 KQH2+mH2b H2pBM; i?2 TQ`2b M/ `2HtiBQM Q7 i?2 bm``QmM/BM; K@
i`Bt iQ Bib Q`B;BMH bii2 (3e)X Gm M/ SB;Mi2HHQ (3e) HbQ ii`B#mi2/ TQ`2 /27Q`KiBQM
BM bQBH Q`;MB+ Kii2` M/  `2bmHiMi mTr`/ b?B7i BM i?2 bQ`TiBQM BbQi?2`K iQ 
+QM/BiBQMBM; 2z2+i +mb2/ #v  +?2KB+H ;2Mi Qi?2` i?M i?2 i2bi +QKTQmM/X h?2
+QM/BiBQMBM; 2z2+i ?b HbQ #22M /2KQMbi`i2/ BM ;Hbbv TQHvK2`b- r?Qb2 mTiF2
K2+?MBbKb 7Q` >P*b ?p2 #22M 7QmM/ iQ #2 bBKBH` iQ i?Qb2 Q7 aPJ (k9- e9)X AM
i?Bb +b2- i?2 +QM/BiBQMBM; ;2Mi +M #2 bQHp2Mib i?i `2 mb2/ 7Q` T`2Ĝ+H2MBM; iQ
`2KQp2 BKTm`BiB2bX h?2 +QM/BiBQMBM; 2z2+i `2bmHib r?2M bQ`TiBQM Q7 i?2 ;2Mi +mb2b
THbiB+BxiBQM UM BM/m+2/ +?M;2 BM i?2 i?2`KH M/ K2+?MB+H T`QT2`iB2b Q7 i?2
;Hbbv TQHvK2` KFBM; Bi KQ`2 ~2tB#H2V Q7 i?2 ;Hbbv TQHvK2` +mbBM; Bi iQ +?M;2
iQ `m##2`v bii2 bm+? i?i i?2 ?QH2b /BbTT2`X h?Bb H2/b iQ M BM+`2b2 BM i?2
/BzmbBQM +Q2{+B2Mi M/ 2M?M+2/ bQ`TiBQM /m2 iQ BM+`2bBM; b2;K2MiH KQ#BHBiv Q7
TQHvK2` +?BMbX 6QHHQrBM; `2KQpH Q7 i?2 +QM/BiBQMBM; ;2Mi- //BiBQMH ?B;?Ĝ2M2`;v
bQ`TiBQM bBi2b `2 +`2i2/ r?B+? HbQ 2M?M+2b i?2 bQ`TiBQM +T+BivX
AM i?2B` 2tT2`BK2Mi- Gm M/ SB;Mi2HHQ (3e) MQi2/ i?i BM //BiBQM iQ M mTr`/ b?B7i
BM i?2 bQ`TiBQM BbQi?2`K 7Q` i?2 +QM/BiBQM2/ aPJ `2HiBp2 iQ i?2 MQMĜ+QM/BiBQM2/-
MQMĜHBM2`Biv rb HbQ 2M?M+2/- r?B+? rb ii`B#mi2/ iQ i?2 BM+`2b2 BM TQ`QbBivX AM
i?2 +m``2Mi bim/v- S1a rb T`2Ĝ+H2M2/ mbBM; 2i?vH+2ii2 M/ K2i?MQHX q?2i?2`
i?Bb T`Q+2bb `2bmHi2/ BM THbiB+BxiBQM Bb MQi `2~2+i2/ BM i?2 `2bmHib- ;Bp2M i?2 HBM2`Biv
Q7 mTiF2 +m`p2b 7Q` KQbi +QKTQmM/b U};m`2b 9XR- `B;?i- M/ 9XkVX
SHbiB+BxiBQM #v ri2` Bb HbQ TQbbB#H2- 2bT2+BHHv 7Q` ?v/`QT?BHB+ TQHvK2`b- r?2`2
i?2 T`Q+2bb Bb  7mM+iBQM Q7 i2KT2`im`2 (8k)X a+?mHi M/ SmH (Rj3) Q#b2`p2/ ?vbi2`2@
bBb #2ir22M i?2 bQ`TiBQM M/ /2bQ`TiBQM Q7 ri2` Ui 9y ◦*V #v S1a M/ ii`B#mi2/
Bi iQ THbiB+BxiBQM Q7 i?2 TQHvK2` #v ri2` KQH2+mH2bX >Qr2p2`- i?2 2ti2Mi Q7 i?2
dk
THbiB+BxiBQM- M/ 7Q` i?2 /Bz2`2Mi S1a #H2M/b ?b MQi v2i #22M r2HH `2b2`+?2/X
9XRXj 1tT2`BK2MiH bKTHBM; `i2b
Rb rb 2biBKi2/ #v HBM2` `2;`2bbBQM mbBM; HH Q` T`i Q7 Ni /i i?i TT`Q+?2/
HBM2`Biv BM i?2 mTiF2 +m`p2 M/ 2[miBQM kXR3- r?2`2 Cr rb i?2 p2`;2 ri2`
+QM+2Mi`iBQM /m`BM; i?2 2tT2`BK2MiH /m`iBQMX 1biBKi2/ Rb pHm2b ;Bp2M BM i@
#H2 9Xk `M;2/ 7`QK RXR8Gf/ UK2i?Qtv+?HQ`V iQ RkX33Gf/ U+?`vb2M2VX 6B;m`2 9Xe
Bb  THQi Q7 HQ; Rb ;BMbi HQ;b Q7 KQr M/ KQH` Kbb2bX 1biBKi2/ Rb ?/ TQQ`
+Q``2HiBQM iQ #Qi? KQr Ulog Rs = 0.02 log Kow + 0.54, R2 = 0.00V M/ KQH` Kbb
Ulog Rs =−0.26 log M + 1.25, R2 = 0.02VX h?mb- KQr M/ KQH` Kbb2b `2 mMbmBi@
#H2 7Q` T`2/B+iBM; bKTHBM; `i2bX
1t+2Ti 7Q` i?2 ?v/`QT?BHB+ //BiBp2b i?i `2 ;`7i2/ BM iQ BKT`Qp2 r2iiBM; T`QT2`iB2b
M/ `2/m+2 K2K#`M2 #BQ7QmHBM;- S1a #+F#QM2 Bb 2bb2MiBHHv ?v/`QT?Q#B+ U+QMi+i
M;H2 8eêV (e8- R3j)X *QMb2[m2MiHv- Bi Bb 2tT2+i2/ i?i ?v/`QT?Q#B+ BMi2`+iBQMb
rQmH/ T`BK`BHv +QMi`B#mi2 iQ Bib mTiF2 Q7 >P*b 7`QK i?2 [m2Qmb T?b2X >Qr2p2`-
;Bp2M i?2 TQQ` +Q``2HiBQM #2ir22M KQr M/ bKTHBM; `i2b- Bi +M #2 +QM+Hm/2/
i?i ?v/`QT?Q#B+Biv /Q2b MQi THv  bB;MB}+Mi `QH2 BM i?2 mTiF2 T`Q+2bbX h?2
TQQ` +Q``2HiBQM #2ir22M Rb 7Q` i?2 >P*b M/ i?2B` KQr BM/B+i2b i?i ?v/`QT?Q#B+
BMi2`+iBQMb `2 MQi i?2 T`BKH K2+?MBbK ;Qp2`MBM; i?2 mTiF2 Q7 >P*b 7`QK i?2
[m2Qmb T?b2 QMiQ S1a M/ +M i?2`27Q`2 MQi 7mHHv 2tTHBM i?2 mTiF2 K2+?MBbKbX
Ai Bb TQbbB#H2 i?i #2bB/2b i?2 ?v/`QT?Q#B+ 2z2+i M/ BMi`T`iB+H2 /BzmbBQM- Qi?2`
BMi2`+iBp2 K2+?MBbKb bm+? b π − π BMi2`+iBQMb #2ir22M i?2 `QKiB+ `BM;b Q7
i?2 >P*b M/ S1a M/ ?v/`Q;2M #QM/BM; i?`Qm;? i?2 TQH` bmH7QMvH ;`QmTb `2
BMpQHp2/ BM i?2 mTiF2 T`Q+2bbX
*?2M 2i HX (jR) T`QTQb2/ i?i MQMĜ?v/`QT?Q#B+ BMi2`+iBQMb +M #2 2Hm+B/i2/ #v
}`bi MQ`KHBxBM; [m2Qmb +QM+2Mi`iBQMb mbBM; M@?2t/2+M2Ĝri2` T`iBiBQM
dj
h#H2 9Xk, aKTHBM; `i2b Q7 >P*b M/ Qi?2` +?2KB+H T`QT2`iB2b
*QKTQmM/ MK2 JQH` Kbb HQ; KQr oG2"b Rb
U;fKQHV U+KjfKQHV UGf/V
LT?i?H2M2 Rk3X3 jXjd R9dXe kXkj Ǭ yX33
+2MT?i?vH2M2 R8RX9 9Xyy Re8Xd kXdk Ǭ yX9N
+2MT?i?2M2 R89XN jXNk RdjXy kX93 Ǭ yX89
S?2MMi?`2M2 RddX3 9X8d RNNXy 8Xje Ǭ RXRk
Mi?`+2M2 RddX3 9X89 RNdXy eXRk Ǭ RXR9
6HmQ`Mi?2M2 ky9Xk 8Xkk kRdXy 3XR9 Ǭ RXee
Sv`2M2 ky9Xk 8XR3 kR9Xy eXkj Ǭ RXj9
"2Mx()Mi?`+2M2 kkNXR 8XNR k93Xy 3X98 Ǭ kXNy
*?`vb2M2 kkNXR 8X3e k8RXy RkXdN Ǭ kXdj
"2MxQ(#)~mQ`Mi?2M2 k8RXk 8XNy ke3XN RRX83 Ǭ kX3y
"2MxQ(F)~mQ`Mi?2M2 k8RXk eXRR ke3XN 9XRy Ǭ RXy9
"2MxQ()Tv`2M2 k8RXk eXy9 kejXy 9XN9 Ǭ RXke
AM/2MQ(R-k-j@+/)Tv`2M2 kd8X9 eX8y k3jX8 9Xke Ǭ RXRR
"2MxQ(;?B)T2`vH2M2 kd8X9 eX8y kddXy RXeR Ǭ yX93
k@J2i?vHMT?i?H2M2 R9RXj jX3e ReNX3 9Xee Ǭ yX33
k-d@.BK2i?vHMT?i?H2M2 R89XN 9Xke RNkXy eXRd Ǭ RXyj
S*" k3 k8dXy 8Xed k9dXj 8X8e Ǭ yX3R
S*" 8k kN8XR 8X39 ke3Xk jX89 Ǭ yX8R
S*" RyR jkjXe eXj3 k3NXR 9X9k Ǭ yXed
S*" Rj3 jejXR eX3j jRyXy 8Xkj Ǭ RXy8
S*" R8j jejXR eXNk jRyXy 8Xyy Ǭ yX39
S*"R3y jN3XR dXje jjyXN 9Xjy Ǭ yX3N
Q-TǶ@..1 jReXk eXyy jy8Xk 9XNj Ǭ yX3N
T-TǶ@..1 jReXk eX8R jy8Xk eX8k Ǭ RXyd
Q-TǶ@... jkjXe 8X3d jRkXe jXNy Ǭ yXdN
T-TǶ@... jkjXe eXyk jRkXe kX9k Ǭ yXee
Q-T@..h j89X3 eXdN jjjX8 RXee Ǭ yXj3
T-TǶ@..h j89X3 eXNR jjjX8 jXyd Ǭ yXdk
>2t+?HQ`Q#2Mx2M2 k3RX3 8X8y kkRX9 jX9d Ǭ yXd3
J2i?Qtv+?HQ` j9eXd 8Xy3 j89Xj RXR8 Ǭ yX9e
"mivH #2MxvH T?i?Hi2 jRkX9 9X8N j39Xk yXk9 Ǭ yXRR




r?2`2 E?/r Bb i?2 M@?2t/2+M2Ĝri2` T`iBiBQM +Q2{+B2Mi- M/ Bb b2H2+i2/ #2+mb2
b M BM2`i `272`2M+2 T?b2- Bi ?b  K2i?vH2M2 bi`m+im`2 i?i +MMQi iF2 T`i BM
Qi?2` BMi2`+iBQMb bm+? b ?v/`Q;2M #QM/BM; M/ 2H2+i`QM /QMQ`Ĝ++2TiQ` BMi2`+@
iBQMbX K?/r pHm2b r2`2 2biBKi2/ mbBM; HBM2` 7`22 2M2`;v `2HiBQMb?BTb UG61_V
M/ `2 pBH#H2 BM b2+iBQM : Q7 i?2 TT2M/BtX *?/ `2T`2b2Mib i?2 +QM+2Mi`iBQM Q7
 +QKTQmM/ BM M@?2t/2+M2 i?i rQmH/ #2 BM 2[mBHB#`BmK rBi? i?2 Q#b2`p2/ [m2@
Qmb +QM+2Mi`iBQM U*rVX am+? MQ`KHBxiBQM 2M#H2b i?2 7`22 2M2`;v +QMi`B#miBQM Q7
i?2 bQHp2Mi iQ i?2 bQ`TiBQM T`Q+2bb iQ #2 2HBKBMi2/ bQ i?i i?2 /B`2+i BMi2`+iBQMb
#2ir22M bQ`#i2b M/ S1a +M #2 2Hm+B/i2/X 1[miBQM 9XR rb bm#biBimi2/ BMiQ




·Chd · t U9XkV
SHQib Q7 MQ`KHBx2/ bKTHBM; `i2b U_b-MQ`KXV ;BMbi KQH` Kbb2b M/ /BzmbBpBiv
BM ri2` `2 ;Bp2M BM };m`2 9XdX AM };m`2 9Xd- THQib Q7 MQ`KHBx2/ mTiF2 `i2b 7Q`























6B;m`2 9Xe, GQ;@HQ; `2HiBQMb?BT #2ir22M Rb Q7 >P*b QMiQ S1a M/ i?2B` UV KQH`
Kbb M/ U#V KQr 7Q` S>b U V- K2i?vHi2/ MT?i?H2M2b U V- S*"b U V- ..sb U V-
T2biB+B/2b U V M/ ""S U VX
d8
kN +QKTQmM/b r2`2 BM/BbiBM;mBb?#H2- BKTHvBM; i?i i?2B` mTiF2 K2+?MBbKb `2
#`Q/Hv bBKBH`X :2M2`HHv- _b-MQ`KX +Q``2Hi2/ HBM2`Hv rBi? HQ;b Q7 KQH` Kbb2b
Uy = −9.04x+ 16.43- R2 = 0.93, s= 0.35, n= 29VX aT2+B}+HHv- mTiF2 7Q` S>b
rb #2bi }ii2/ mbBM;  b2+QM/ Q`/2` TQHvMQKBH Uy = −29.63x2+ 126.11x− 137.38-
R2 = 0.95, n= 16VX h?2 /QrMr`/ +m`pim`2 BM THQib 7Q` S>b i ?B;?2` KQH`
Kbb bm;;2bib i?2 Q++m``2M+2 Q7 `2bBbiM+2 iQ bQ`TiBQM BM S1a /m2 iQ i?2 bBx2 M/
b?T2 Q7 i?2 KQH2+mH2X h?Bb Q#b2`piBQM 7m`i?2` bm;;2bib i?2 `QH2 Q7 TQ`2b M/ TQ`2
/BzmbBQM BM i?2 mTiF2 T`Q+2bb bQ i?i H`;2 KQH2+mH2b T`Q##Hv mM/2`;Q bi2`B+ ?BM@
/`M+2- M/ i?2B` bQ`TiBQM Bb 2z2+iBp2Hv `2bi`B+i2/ iQ bm`7+2X h?Bb Q#b2`piBQM rb
HbQ K/2 r?2M +QMbB/2`BM; BMi`T`iB+H2 /BzmbBQM b /Bb+mbb2/ BM b2+iBQM 9XRXRX h?2
Bbbm2 Q7 TQbbB#H2 bi2`B+ ?BM/`M+2 /Q2b MQi Q++m` rBi? S*"b bBM+2 _b-MQ`KX /2+`2b2/
bi`B+iHv rBi? BM+`2bBM; Kbb Uy = −10.44x+ 20.06- R2 = 0.99, n= 6VX Ai rb HbQ
Q#b2`p2/ BM b2+iBQM 9XRXR i?i i?2B` BMi`T`iB+H2 /BzmbBQM +Q2{+B2Mib ;2M2`HHv /2@
+`2b2/ rBi? BM+`2bBM; KQH` KbbX lTiF2 +m`p2b 7Q` ..sb ?/  TQQ`2` HBM2` }i
Uy=−15.46x+32.53- R2 = 0.48, n= 6VX hrQ +QKTQmM/b UK2i?Qtv+?HQ` M/ ""SV
?/ HQ; _b-MQ`KXĜHQ; M }ib i?i r2`2 /BbiBM;mBb?#H2 7`QK i?2 `2bi- BKTHvBM; i?2B`







R2 = 0.93, s= 0.35
HQ; J





















6B;m`2 9Xd, GQ;@HQ; `2HiBQMb?BT #2ir22M _b-MQ`KX M/ UV KQH` Kbb- M/ U#V
/BzmbBpBiv 7Q` S>b U V- K2i?vHi2/ MT?i?H2M2b U V- S*"b U V- ..sb U V- ?2t@
+?HQ`Q#2Mx2M2 U V- M/ QmiHB2`b UK2i?Qtv+?HQ` M/ ""SV U VX Dr rb +H+mHi2/
mbBM; i?2 2[miBQM #v a+?r`x2M#+? 2i HX (R9y) Ub22 TT2M/Bt AX8VX
de
mTiF2 K2+?MBbKb /Bz2` 7`QK i?i Q7 i?2 Qi?2` +QKTQmM/bX h?Bb Bb TQbbB#H2 bBM+2
mMHBF2 i?2 Qi?2` +QKTQmM/b- i?2v ?p2 PĜ+QMiBMBM; KQB2iB2b BM i?2B` bi`m+im`2b
Ub22 b2+iBQM  BM i?2 TT2M/BtV i?i Kv T`iB+BTi2 BM ?v/`Q;2M #QM/BM; rBi?
S1aX 6B;m`2 9Xd# b?Qrb THQib Q7 HQ; _b-MQ`KX ;BMbi HQ; .r- M/ i?Bb THQi KB``Q`b
i?i Q7 HQ; _b-MQ`KXĜHQ; M BM };m`2 9XdX h?Bb Q#b2`piBQM Bb THmbB#H2 bBM+2 /BzmbBp@
Biv BM ri2` p`B2b BMp2`b2Hv rBi? KQH` Kbb- bQ  HQr2` /BzmbBpBiv Bb 2tT2+i2/ i
?B;?2` KQH` Kbb- M/ pB+2 p2`bX
aBKBH`Biv BM b+ii2` THQib BM };m`2b 9Xd M/ 9Xd# TQ`i`vb  ;2M2`H Tii2`M BM
i?2 mTiF2 K2+?MBbKb 7Q` i?2 +QKTQmM/bX qBi? `272`2M+2 iQ };m`2 9Xd- _b-MQ`KX
/2+`2b2b rBi? BM+`2b2 BM KQH` Kbb- r?B+? b?Qrb i?2 `QH2 Q7 KbbfbBx2 BM i?2
mTiF2 T`Q+2bbX h?2 mTiF2 K2+?MBbK 7Q` KQbi +QKTQmM/b Kv BMpQHp2 M BMBiBH
U/VbQ`TiBQM QM S1a bm`7+2 i?`Qm;? π −πĜ#QM/BM; 7QHHQr2/ #v BMi`T`iB+H2 /Bzm@
bBQM b H`2/v /Bb+mbb2/ BM b2+iBQM 9XRXR- r?2`2 i?2 Hii2` T`Q+2bb Bb `i2 HBKBiBM;
(RR3)X
9XRX9 TT`2Mi S1aĜri2` T`iBiBQM +Q2{+B2Mib
o2`K2B`bb2M 2i HX (Re8) +``B2/ Qmi  dX8 / 2[mBHB#`iBQM 2tT2`BK2Mi iQ /2i2`KBM2
T`iBiBQM +Q2{+B2Mib Q7 bQK2 Q`;MB+ +QKTQmM/b iQ S1a- M/ HbQ  jk / ~Qr i?`Qm;?
2tT2`BK2Mi mbBM; *?2K+i+?2` M/ SP*Aa iQ 2biBKi2 KTr BM S1a i?i rb mb2/
iQ +Qp2` i?2b2 Sa.bX AM i?2 Hii2` 2tT2`BK2Mi- KTr rb 2biBKi2/ #v KQ/2HHBM;
/i 7`QK i?2 S1a K2K#`M2b i?i r2`2 `2KQp2/ i e / M/ jk /- r?2`2 KTr rb
/2i2`KBM2/ mbBM; mTiF2 M/ 2HBKBMiBQM `i2bX lTiF2 Q7 KQbi +QKTQmM/b BM S1a
`2KBM2/ 7B`Hv BM i?2 HBM2` `M;2 7Q` i?2 +QKTH2i2 jk / 2tT2`BK2MiH /m`iBQMX
1KTB`B+H KTr pHm2b 7`QK i?2 2[mBHB#`iBQM 2tT2`BK2Mi U+H+mHi2/ mbBM; 2[miBQM
kX8V M/ i?Qb2 KQ/2H2/ 7`QK i?2 e / M/ jk / ~QrĜi?`Qm;? 2tT2`BK2Mi }ii2/ 7B`Hv
r2HH QMiQ i?2 R,R HBM2 BM/B+iBM; i?i /i 7`QK i?2 2[mBHB#`BmK 2tT2`BK2Mi M/
i?Qb2 KQ/2HH2/ 7`QK i?2 e / ~QrĜi?`Qm;? 2tT2`BK2Mi- i?Qm;? biBHH BM i?2 HBM2`
dd
mTiF2 `M;2- /B/ MQi vB2H/ bB;MB}+Mi /Bz2`2M+2b BM KTr pHm2bX
h?mb BM i?Bb bim/v- TT`2Mi KTr 7Q` i?2 MHvi2b r2`2 bBKBH`Hv +H+mHi2/ mbBM;
2[miBQM kX8- r?2`2 CT M/ Cr `2T`2b2Mi2/ i?2 KtBKmK bQ`#2/ +QM+2Mi`iBQMb
M/ p2`;2 ri2` +QM+2Mi`iBQMb `2+Q`/2/ /m`BM; i?2 2tT2`BK2MiH T2`BQ/- `2bT2+@
iBp2HvX KTr +QmH/ MQi #2 +H+mHi2/ mbBM; mTiF2 M/ 2HBKBMiBQM `i2b b /2b+`B#2/
#v 2[miBQM kXky- bBM+2 `2H2b2 Q7 bTBF2/ +QKTQmM/b Q` S_*b rb bHQr b H`2/v
/Bb+mbb2/ BM b2+iBQM 9XRXkX h?2 +H+mHi2/ TT`2Mi HQ; KTr pHm2b `2 b?QrM BM
i#H2 9Xj- M/ `M;2/ 7`QK 8X88GfF; 7Q` ""S iQ dXyjGfF; 7Q` +?`vb2M2X p2`;2
HQ; KTr 7Q` i?2b2 jR +QKTQmM/b rb eX83GfF; rBi? M p2`;2 biM/`/ /2pBiBQM
Q7 yXkN HQ; mMBibX 1t+Hm/BM; ""S- p2`;2 HQ; KTr pHm2b 7Q` i?2 `2KBMBM; jy +QK@
TQmM/b rb eXekGfF; ± yXkj HQ; mMBibX h?2b2 Q#b2`piBQMb BM/B+i2 i?i HQ; KTr
pHm2b Q7 i?2 +QKTQmM/b r2`2 MQi bB;MB}+MiHv /Bz2`2Mi 7`QK 2+? Qi?2`X :Bp2M i?2
HQr biM/`/ /2pBiBQM BM HQ; KTr 7Q` HH +QKTQmM/b- Bi +M #2 +QM+Hm/2/ i?i S1a
Bb  MQMĜb2H2+iBp2 bKTH2` 7Q` i?2b2 +QKTQmM/bX :2M2`HHv- S1a vB2H/2/ TT`2Mi
T`iBiBQM +Q2{+B2Mib i?i `2 ?B;?2` i?M i?Qb2 `2+Q`/2/ 7Q` G.S1 M/ a_ (R9d)X
h?Bb }M/BM; Bb pHB/ bBM+2 ;Hbbv TQHvK2`b ?p2 ?B;?2` bQ`TiBp2 +T+Biv i?M `m#@
#2`v TQHvK2`b b H`2/v /Bb+mbb2/X a[mBM; 2i HX (Rj9) HbQ K/2  bBKBH` }M/BM;-
r?2`2 ;Hbbv So* ?/  ?B;?2` T`iBiBQM +Q2{+B2Mi 7Q` iQHm2M2 U ETr43yNXkGfƒ;V
i?M i?2 `m##2`v S1 U ETr4dyXdĜRkjXRGfƒ;VX
AM i?2 #b2M+2 Q7 2tT2`BK2MiH pHm2b- T`2/B+iBp2 KQ/2Hb `2 Q7i2M 7Q`KmHi2/ #v 2K@
TB`B+H +Q``2HiBQM Q7 KTr 7Q` i?2 MHvi2b iQ i?2B` EQr- bbmKBM; i?i ?v/`QT?Q#B+
BMi2`+iBQMb M/ i?2`27Q`2  T`iBiBQMBM; T`Q+2bb /QKBMi2b i?2 mTiF2 T`Q+2bb 7`QK
i?2 [m2Qmb T?b2X AM bm+?  +b2 M/ bbmKBM; 2[mBHB#`BmK- KTr +M #2 T`2/B+i2/
7`QK KQr Q` bQK2iBK2b i?2 KQH` Kbb UJV Q7 i?2 >P*b #v THQiiBM; i?2 T`K2i2`b
QM  kĜ/BK2MbBQMH HQ;`Bi?KB+ b+H2X ++Q`/BM;Hv- bi`QM; HBM2` +Q``2HiBQMb ?p2
#22M 2bi#HBb?2/ #2ir22M KTr Q7 >P*b iQ p`BQmb Sa.b M/ i?2B` EQr- 7Q` BMbiM+2-

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































:Bp2M i?2 ?v/`QT?Q#B+ Mim`2 Q7 S1a #+F#QM2 U+QMi+i M;H2 8eêV- Bi Bb 2tT2+i2/
i?i ?v/`QT?Q#B+ BMi2`+iBQMb rQmH/ T`BK`BHv +QMi`B#mi2 iQ Bib mTiF2 Q7 >P*b
7`QK i?2 [m2Qmb T?b2 (e8- R3j)X >Qr2p2`- i?Bb bim/v +QmH/ MQi p2`B7v M 2tTHB+Bi
+Q``2HiBQM #2ir22M KTr 7Q` >P*b M/ i?2B` `2bT2+iBp2 KQr M/ KQH` Kbb2b b
/2TB+i2/ BM };m`2 9X3 M/ b  `2bmHi- i?2 `2HiBQM Bb /22K2/ MQi bm{+B2MiHv 7Q` mb2
BM T`2/B+iBQMX
h?2 TQQ` +Q``2HiBQM #2ir22M KTr 7Q` i?2 >P*b M/ i?2B` KQr BM/B+i2b i?i ?v@
/`QT?Q#B+ BMi2`+iBQMb `2 MQi i?2 T`BKH K2+?MBbK ;Qp2`MBM; i?2 mTiF2 Q7 >P*b
7`QK i?2 [m2Qmb T?b2 QMiQ S1a M/ +M i?2`27Q`2 MQi 7mHHv 2tTHBM i?2 mTiF2
K2+?MBbKbX >Bi?2`iQ +QKT`iBp2 HBi2`im`2 pHm2b 7Q` i?2 +QKTQmM/b `2 MQM@
2tBbi2MiX >Qr2p2`- HBi2`im`2 KTr pHm2b 7Q` Qi?2` +QKTQmM/b vB2H/2/  bBKBH`Hv
TQQ` +Q``2HiBQM U};m`2 9XNV iQ HQ; KQr M/ KQH` KbbX b rBi? bKTHBM; `i2b- i?2
TQQ` +Q``2HiBQM +M #2 ii`B#mi2/ iQ Qi?2` BMi2`+iBp2 K2+?MBbKb bm+? b π −π
BMi2`+iBQMb M/ ?v/`Q;2M #QM/BM;X























6B;m`2 9X3, GQ;@HQ; `2HiBQMb?BT #2ir22M KTr Q7 >P*b M/ i?2B` UV KQH` Kbb2b
M/ U#V KQr 7Q` S>b U V- K2i?vHi2/ MT?i?H2M2b U V- S*"b U V- ..hb U V- T2biB@
+B/2b U V- M/ ""S U VX
3R

























6B;m`2 9XN, _2HiBQMb?BT #2ir22M KTr Q7 bQK2 +QKTQmM/b M/ i?2B` UV KQH` Kbb2b
M/ U#V KQr QM  HQ; b+H2X .i rb iF2M 7`QK o2`K2B`bb2M 2i HX (Re8) U V M/
S`B2iQ 2i HX (Rkj) U VX
9XRX8 AMbm{+2Mi S_* `2H2b2 7`QK S1a
TTHB+iBQM Q7 S_*b iQ /2i2`KBM2 BM bBim bKTHBM; `i2b Q7 +QKTQmM/b Bb QMHv
TQbbB#H2 r?2M i?2 mTiF2 `i2b Q7 +QKTQmM/b M/ i?2 /BbbBTiBQM `i2b Q7 MHQ;Qmb
S_*b 2t?B#Bi BbQi`QTv (Re3)X AM i?Bb +b2- THQiiBM; i?2 ++mKmHiBQM Q7  +QKTQmM/
QM  Sa. M/ i?2 /BbbBTiBQM Q7 M MHQ;Qmb S_* b?QmH/ `2bmHi BM  bvKK2i`B+H
mTiF2@`2H2b2 +m`p2 b b?QrM BM };m`2 9X87 (Rjk)X S_*b /2bQ`TiBQM /i rb iF2M
/m`BM; i?2 `2bT2+iBp2 bKTHBM; /vb Q7 i?2 +HB#`iBQM 2tT2`BK2Mi M/ M 2tKTH2 Q7
 ivTB+H THQi Q7 i?2 mTiF2 Q7 +QKTQmM/b M/ S_*b /BbbBTiBQM 7`QK S1a Bb ;Bp2M
BM };m`2 9X82X PMHv 3W Q7 bTBF2/ +2MT?i?2M2@/Ry rb /BbbBTi2/X AM ;2M2`H-
yĜkyW Q7 HH i?2 S_*b r2`2 /BbbBTi2/ /m`BM; i?2 R9 / 2tT2`BK2MiH /m`iBQM Ub22
b2+iBQM > Q7 i?2 TT2M/BtVX .2bQ`TiBQM Q7 S_*b 7`QK i?2 bK2 S1a bKTH2` mb2/
BM i?2 +HB#`iBQM 2tT2`BK2Mi rb HbQ i2bi2/ mM/2` }2H/ +QM/BiBQMb BM i?2 aH2
`Bp2`- :2`KMv 7Q`  /m`iBQM Q7 jy /X _2bmHib b?Qr2/ i?i < 20% Q7 i?2 Q`B;BMH
KQmMib /BbbBTi2/ BM e9W Q7 i?2 bTBF2/ S_*bX h?2 `M;2 Q7 KQmMib /2bQ`#2/ 7Q`
HH i?2 S_*b rb eĜj8W Q7 i?2 Q`B;BMHX b H`2/v /Bb+mbb2/ BM T`2pBQmb b2+iBQMb- 
3k
MmK#2` Q7 BMi`BMbB+ S1a T`QT2`iB2b Kv 7pQm` Bib mTiF2 Q7 +QKTQmM/b- 7Q` 2tKTH2-
TQbbB#H2 THbiB+BxiBQM BM i?2 T`2b2M+2 Q7 ri2`- Q`B2MiiBQM Q7 i?2 PĜ+QMiBMBM;
KQB2iB2b- M/ T`2b2M+2 Q7 MMQpQB/b M/fQ` mM`2Ht2/ 7`22 pQHmK2 `2;BQMbX AM/22/
S1a rb b?QrM iQ +QMiBM pQB/b BM Bib bi`m+im`2 i M p2`;2 /BK2i2` Q7 kyy MK
Ub22 };m`2b kX9 M/ 9XReVX q?BH2 bQK2 Q7 i?2 7Q`2K2MiBQM2/ S1a T`QT2`iB2b Kv
7pQm` Bib mTiF2 Q7 +QKTQmM/b 7`QK i?2 [m2Qmb T?b2- i?2v KB;?i HbQ ?BM/2` Bib
`2H2b2 Q7 i?2 +QKTQmM/bX h?2 MBbQi`QTv Q#b2`p2/ rBi? S_*b +M #2 2tTHBM2/
#v /`rBM; MHQ;v 7`QK bQ`TiBQMĜ/2bQ`TiBQM ?vbi2`2bBb `2TQ`i2/ BM Mim`H Q`;MB+
Kii2` M/ Qi?2` ;Hbbv TQHvK2`b (3d- RR3)X
SB;Mi2HHQ M/ sBM; (RR3) ii`B#mi2/ i?2 T?2MQK2MQM iQ i?2 +iBpiBQM 2M2`;v Q7
bQ`TiBp2 #QM/b M/ Kbb i`Mb72` HBKBiiBQMbX h?2b2 mi?Q`b ii`B#mi2 i?2 ?vbi2`2@
bBb iQ i?`22 7+iQ`b, /Bz2`2M+2b BM i?2 FBM2iB+ 2M2`;v 7Q` bQ`TiBQM M/ /2bQ`TiBQM
2bT2+BHHv 7Q` H`;2 KQH2+mH2b i?i Kv BMi2`+i bBKmHiM2QmbHv i KmHiBTH2 TQBMib
M/ #2+QK2 /B{+mHi iQ /2bQ`#- bi2`B+ ?BM/`M+2 iQ /2bQ`TiBQM QrBM; iQ i?2 b?T2
Q7 TQ`2b- M/  +QQT2`iBp2 +?M;2 BM i?2 TQHvK2` Ki2`BH BM/m+2/ #v i?2 bQ`#@
BM; +QKTQmM/X S`2Ĝ2tBbi2M+2 Q7 +pBiB2b UTQ`2bV i?i +M ++QKKQ/i2 BM+QKBM;
bQ`#i2b Kv 2M/2` i?2 TQ`2b b T`272``2/ bQ`TiBQM bBi2b (3d)X AMbB/2 i?2 TQ`2b- bQ`@
#i2b Kv #BM/ iQ KmHiBTH2 bBi2b +mbBM; +QMbi`B+iBQM i?i +mb2b  H; BM /2bQ`TiBQM
Q` i?2v Kv +mb2 M B``2p2`bB#H2 TQ`2 /27Q`KiBQM (RyN)X Ai Bb HbQ TQbbB#H2 i?i
TQ`2b 2tTM/ #v i?2 i?2`KH KQiBQM Q7 BM+QKBM; bQ`#i2b- +`2iBM; M2r BMi2`MH
bm`7+2 `2 BM i?2 bQHB/ bQ i?i QM /2bQ`TiBQM-  H; +M 2tBbi #2ir22M i?2 2tBi Q7
bQ`#i2b 7`QK TQ`2b M/ `2HtiBQM Q7 i?2 bm``QmM/BM; Ki`Bt iQ Bib Q`B;BMH bii2
(3e)X 6m`i?2`KQ`2- Bi Bb TQbbB#H2 i?i /bQ`TiBQM Bb BMpQHp2/ BM i?2 mTiF2 T`Q+2bb-
M/ i?Bb BMpQHpBM; bi`QM; #QM/b- Bb /B{+mHi iQ /BbbQ+Bi2X
>2M+2- Bi +M #2 +QM+Hm/2/ i?i i?2 2t+?M;2 FBM2iB+b #2ir22M +QKTQmM/b M/
MHQ;Qmb S_*b BM S1a 2t?B#Bib MBbQi`QTvX h?2 MBbQi`QTv Q#b2`p2/ BM i?Bb bim/v
BKTHB2b S_*b `2 ;2M2`HHv mMbmBi#H2 7Q` /2i2`KBMiBQM Q7 BM bBim bKTHBM; `i2b Q7
3j
S1a M/ Hi2`MiBp2 T`Q+2/m`2b ?p2 iQ #2 2KTHQv2/X
9XRXe ZmHBiv bbm`M+2
aKTHBM; mbBM; S1a rb 7QmM/ iQ #2 `2T2i#H2 bBM+2 i?2 *o Q7 N8W Q7 HH MHvbBb
7`QK /mTHB+i2 bKTH2b `M;2/ 7`QK yĜRNW r?B+? +M #2 +QMbB/2`2/ ++2Ti#H2X h?2
`2bi ?/ *o Q7 kyĜj8W #mi i?Bb `2T`2b2Mi2/ QMHv 8W Q7 i?2 iQiH bKTH2b M/ +MMQi
bB;MB}+MiHv BM~m2M+2 i?2 r?QH2 Qmi+QK2X AM //BiBQM- i?2`2 rb MQ bB;MB}+Mi
p`BiBQM BM i?2 bQ`TiBQM T`Q+2bb M/ i?2`27Q`2 BM i?2 [m2Qmb +QM+2Mi`iBQMb /m`BM;
i?2 +QKTH2i2 2tT2`BK2Mi ;Bp2M i?i i?2 *o Q7 HH +QKTQmM/b 7`QK i?2 d / bKTHBM;
iBK2 Q7 i?2 }`bi M/ Hbi ?Hp2b Q7 i?2 2tT2`BK2Mi rb kĜR8WX
PMHv  72r +QKTQmM/b r2`2 /2i2+i2/ BM #HMFb #mi i +QM+2Mi`iBQMb #2HQr i?2 HBK@
Bib Q7 [mMiBiiBQM 2t+2Ti 7Q` MT?i?H2M2 UNN M;fS1a V M/ k@K2i?vHMT?i?H2M2
Ujk M;fS1a VX :Bp2M i?i mTiF2 `2KBM2/ H`;2Hv BM i?2 HBM2` T?b2 M/ i?i bQ`T@
iBQM M/ /2bQ`TiBQM Kv MQi Q++m` bBKmHiM2QmbHv b b22M BM i?2 +b2 Q7 S_*b- i?2
#HMF pHm2b 7Q` i?2b2 +QKTQmM/b r2`2 bm#i`+i2/ 7`QK K2bm`2/ +QM+2Mi`iBQMbX
9Xk 6B2H/ TTHB+iBQM Q7 S1a M/ a_
9XkXR "`B27 Qp2`pB2r
h`BTHB+i2 S1a M/ a_ bi`BTb r2`2 T`2T`2/ M/ /2THQv2/ BM T`HH2H i irQ biiBQMb
HQM; aQbBMB `Bp2`- E2Mv 7Q`  /m`iBQM Q7 jy / 7i2` r?B+? i?2 Sa.b r2`2 `2i`B2p2/
M/ 2ti`+i2/X h?2 2ti`+ib r2`2 MHvb2/ #v :*@Ja 7Q` P*Sb- S>b- S*"b M/
T?i?Hi2b U."S- .1>S- ""SVX h?2 BK rb iQ bb2bb i?2 }2H/ TTHB+#BHBiv Q7 i?2
irQ bKTH2`b mM/2` i`QTB+H +QM/BiBQMb M/ HbQ iQ +QKT`2 i?2B` T2`7Q`KM+2 BM
bQ`TiBQM Q7 >P*bX
39
9XkXk _M;2 Q7 +QKTQmM/b bQ`#2/ #v i?2 bKTH2`b
P7 i?2 i`;2i +QKTQmM/ ;`QmTb- QMHv S>b M/ T?i?Hi2b r2`2 /2i2+i2/X aT2+B}@
+HHv- i?2 kĜ9Ĝ`BM;2/ K2K#2`b M/ #2MxQ(#YF)~mQ`Mi?2M2 r2`2 /2i2+i2/ BM [mM@
iB}#H2 KQmMib #v S1a- #2MxQ()Tv`2M2 rb #2HQr i?2 HBKBi Q7 [mMiBiiBQM- M/
i?2 eĜ`BM;2/ K2K#2`b r2`2 MQi /2i2+i2/X k iQ 8Ĝ`BM;2/ S>b r2`2 /2i2+i2/ #v a_
r?BH2 i?2 eĜ`BM;2/ K2K#2`b r2`2 MQi [mMiB}#H2X .B#2Mx(-?)Mi?`+2M2- S*"b-
..sb- K2i?Qtv+?HQ` M/ ?2t+?HQ`Q#2Mx2M2 r2`2 MQi /2i2+i2/ i HH #v #Qi? Sa.bX
G+F Q7 /2i2+iBQM Q7 i?2b2 +QKTQmM/b Bb TQbbB#Hv /m2 iQ i?2B` #b2M+2 BM i?2 ri2`
T?b2 bBM+2 i?2v +QmH/ #2 bKTH2/ #v S1a b /2b+`B#2/ BM i?2 +HB#`iBQM 2tT2`B@
K2Mi Ub2+iBQM 9XRXRV M/ ?p2 #22M bKTH2/ BM Qi?2` 7`2b? ri2` 2MpB`QMK2Mib mbBM;
bBHB+QM2 `m##2` (Rk9)X HH i?2 i`;2i T?i?Hi2b r2`2 /2i2+i2/ #v #Qi? bKTH2`bX
LQi2rQ`i?v Bb i?i MQM@i`;2i b+`22MBM; mbBM; i?2 ;BH2Mi /2+QMpQHmiBQM `2TQ`iBM;
bQ7ir`2 Q7 S1a 2ti`+ib TQbBiBp2Hv B/2MiB}2/ UJ.Aa Ki+? 7+iQ` > 85V Qi?2`
+QKTQmM/b BM+Hm/BM; T2biB+B/2b U/BxBMQM- +?HQ`Tv`B7Qb M/ TB`BKBT?Qb@K2i?vHV 2M@
+QKTbbBM;  HQ; KQr `M;2 Q7 jX3Ĝ8Xy- BKTHvBM; S1a +M #2 TTHB2/ iQ Qi?2` +QK@
TQmM/b rBi? /Bz2`2Mi T?vbB+Q+?2KB+H T`QT2`iB2bX AM/22/ S1a ?b #22M 7QmM/ iQ
bQ`# i?2 T2biB+B/2b i`xBM2- /BxBMQM M/ /Bm`QM UHQ; KQr 4 kXeyĜjX3RV (R8N- Re8)-
?2`#B+B/2b UHQ; KQr 4 kXkRĜjX98V (Rkk) M/ b2p2`H TQH` M/ MQM@TQH` +?2KB+Hb
`M;BM; 7`QK +z2BM2 iQ Q+iQ+`vH2M2 UHQ; KQr 4 @yXydĜeX33V (Rkj)X
>Qr2p2`- i?2 7Q`2K2MiBQM2/ bim/B2b r2`2 +``B2/ Qmi BM 2Bi?2` H#Q`iQ`v Q` bBK@
mHi2/ 2MpB`QMK2MibX S1a Bb mbmHHv TTHB2/ BM i?2 SP*Aa b  bQ`#2Mi `2iBM2`
M/ /BzmbBQM `i2 HBKBi2` (3)X 6B2H/ /2THQvK2Mib Q7 S1a b M BM/2T2M/2Mi bQ`#2Mi
`2 ``2- M/ QM2 bm+? TTHB+iBQM 2bi#HBb?2/ Bib mTiF2 Q7 ;HtQHB/2- iQMHB/2 M/
9@i2`i@Q+ivHT?2MQH 7`QK rbi2ri2` 2|m2Mi (Rky)X SbbBp2 bKTHBM; Bb KBMHv  }2H/
TTHB+iBQM i2+?MB[m2- ?2M+2 i?Bb `2b2`+? 7m`i?2` //2/ iQ i?2 }2H/ TTHB+#BHBiv Q7
S1a M/ 7Q` +QKTQmM/b i?i ?p2 MQi #22M BMp2biB;i2/ #27Q`2 #v i?Bb bQ`#2MiX
38
PM i?2 Qi?2` ?M/- bBHB+QM2 `m##2` ?b #22M mb2/ iQ KQMBiQ` P*Sb- S>b M/
S*"b BM bm`7+2 ri2` (N- j8)X qB/2 TTHB+iBQMb Q7 a_ BM 2MpB`QMK2MiH KQMBiQ`BM;
bi2Kb 7`QK Bib `Q#mbiM2bb M/ HbQ #2+mb2 F2v T`QT2`iB2b /2i2`KBMBM; mTiF2 Q7 i?2
7Q`2K2MiBQM2/ >P*b `2 r2HH 2bi#HBb?2/ (Rjk- R9d)X h?2 `M;2 Q7 +?2KB+Hb i?i
+M #2 bKTH2/ #v a_ `2 MQi HBKBi2/ iQ i?2 K2MiBQM2/ >P*b- #mi +M #2 2ti2M/2/
iQ Qi?2` +QKTQmM/b bm+? b T?i?Hi2b M/ HFvHi2/ S>b b rb /QM2 BM i?Bb bim/vX
>Qr2p2`- i?2`2 `2 MQ HBi2`im`2 pHm2b Q7 mTiF2 `i2b M/ T`iBiBQM +Q2{+B2Mib Q7
T?i?Hi2b iQ a_X .2i2`KBMiBQM Q7 i?2b2 T`K2i2`b rb QmibB/2 i?2 b+QT2 Q7 i?Bb
bim/v M/ i?2`27Q`2 2MpB`QMK2MiH +QM+2Mi`iBQMb- b rBHH #2 /Bb+mbb2/ BM i?2 M2ti
b2+iBQMb- `2 `2TQ`i2/ b bQ`#2/ M/ MQi 7`22Hv /BbbQHp2/ pHm2bX
9XkXj 6`22Hv /BbbQHp2/ +QM+2Mi`iBQMb /2i2`KBM2/ mbBM; a_
aQHpBM; 2[miBQM kXRd 7Q` i?2 /2i2`KBMiBQM Q7 [m2Qmb +QM+2Mi`iBQMb `2[mB`2b
FMQrH2/;2 Q7 bQ`#2/ KQmMib- KTr M/ Rb pHm2bX 6B2H/@/2i2`KBM2/ Rb `2 KQ`2 `2@
HB#H2 b i?Bb T`K2i2` Bb z2+i2/ #v 2MpB`QMK2MiH 7+iQ`b BM+Hm/BM; i2KT2`im`2-
~Qr `i2b M/ #BQ7QmHBM; (kj)X q?2`2 TTHB+#H2- S_*b ?p2 #22M `2+QKK2M/2/ 7Q`
+Q``2+iBQM Q7 i?2 2MpB`QMK2MiH p`B#BHBiB2b M/ iQ HHQr 7Q` i?2 /2i2`KBMiBQM Q7
BM bBim Rb (9- ek)X ++Q`/BM;Hv- S_*b ?p2 #22M mb2/ /m`BM; }2H/ /2THQvK2Mi Q7 a_
(e- RyR) M/ r2`2 HBF2rBb2 mb2/ BM i?Bb bim/vX oBbmH BMbT2+iBQM Q7 i?2 K2K#`M2b
mTQM `2i`B2pH /B/ MQi `2p2H Mv /K;2b Q` 2t+2bb #BQ7QmHBM; Ub22 };m`2 AXR BM i?2
TT2M/BtVX h?2 S_* /i r2`2 mb2/ iQ +H+mHi2 Rb M/ Cr Q7 MHvi2b BM M 2t+2H
bT`2/b?22i mbBM; i?2 T`Q+2/m`2 /2b+`B#2/ #v aK2/2b M/ "QQBD (R9e)X M 2tKTH2
Q7 i?2 bT`2/b?22i +H+mHiBQM 7Q` QM2 bKTH2` Bb ;Bp2M BM b2+iBQM AXR Q7 i?2 TT2M/BtX
6QHHQrBM; 2tTQbm`2 Q7 a_ K2K#`M2b- 2p2M i?2 S_* rBi? i?2 HQr2bi KQH2+mH`
r2B;?i Q` KQr U+2MT?i?2M2@/RyV +QmH/ #2 [mMiB}2/ Ub22 i#H2 AXR b M 2tK@
TH2V bm;;2biBM; HQr i`Mb72` FBM2iB+b /m`BM; i?2 2tTQbm`2 /m`iBQMX S_* `2+Qp2`B2b
`M;2/ 7`QK 8X8W U+2MT?i?2M2@/RyV iQ 33XRW US*" 89V BM biiBQM R M/ jXjW
3e
U+2MT?i?2M2@/RyV iQ RyyW UT2`vH2M2@/RkV BM biiBQM kX AM i?2 Hii2` +b2 ?Qr2p2`-
7`+iBQMb r2`2 bHB;?iHv #Qp2 QM2 M/ r2`2 i?2`27Q`2 }t2/ iQ mMBivX
h?2 T`K2i2` " BM 2[miBQM kXkk rb Q#iBM2/ #v }iiBM; HH i?2 7`+iBQMb Q7 `2@
KBMBM; S_*b b  7mM+iBQM Q7 log (KpwM0.47) #v mMr2B;?i2/ MQM@HBM2` H2bi b[m`2b
2biBKiBQM (R9e)X h?Bb TT`QtBKiBQM T`Q+2/m`2 Bb BMb2MbBiBp2 iQ QmiHB2`b M/ i?2`2@
7Q`2 HH /i +M #2 mb2/ `2;`/H2bb Q7 i?2 H2p2H Q7 /BbbBTiBQMX 1tKTH2b Q7 i?2
Qmi+QK2 `2 ;Bp2M BM };m`2 9XRy- M/ M 2tKTH2 Q7 i?2 mtBHB`v /i bmTTQ`iBM;
i?2b2 };m`2b Bb b?QrM BM i#H2 AXk Q7 i?2 TT2M/BtX " rb i?2M mb2/ iQ +H+mHi2
i?2 _b-jyy Q7  ?vTQi?2iB+H +QKTQmM/ rBi? KQH` Kbb jyy ;fKQHX h?2 `2HiBp2
biM/`/ /2pBiBQM Q7 S_*Ĝ/2`Bp2/ _b-jyy 7Q` i?2 ?vTQi?2iB+H +QKTQmM/ rb RXkW
M/ 8XNW Un= 3 2+?V BM bKTHBM; biiBQMb R M/ k- `2bT2+iBp2HvX h?2 +H+mHi2/
_b-jyy Q7 i?2 ?vTQi?2iB+H +QKTQmM/ rb i?2M mb2/ iQ 2biBKi2 Rb Q7 i`;2i MHvi2b-
M/ i?2 `2bmHib `2 ;Bp2M BM i#H2 9X8X Rb pHm2b Q7 HH +QKTQmM/b 7`QK biiBQM R
r2`2 TT`QtBKi2Hv kXjĜ7QH/ ?B;?2` i?M i?Qb2 7`QK biiBQM kX h?Bb +QMbiMi `iBQ
BM bKTHBM; `i2b 7Q` HH +QKTQmM/b Q`B;BMi2/ 7`QK  bBKBH` `iBQ Q7 i?2 bbQ+Bi2/
" pHm2b- MK2Hv eNk M/ jye BM biiBQMb R M/ k- `2bT2+iBp2HvX aKTHBM; `i2b 7Q`

































6B;m`2 9XRy, SHQib Q7 7`+iBQMb Q7 `2KBMBM; S_*b BM a_ ;BMbi log (KpwM0.47)X
`2T`2b2Mib i?2 KQ/2H }i M/ i?2 K2bm`2/ 7`+iBQMb Q7 `2iBM2/ S_*bX
3d
+QKTQmM/b r2`2 +H+mHi2/ b,











>2M+2- ;Bp2M i?i i?2 pHm2 BM #`+F2ib BM 2[miBQM 9Xj Bb Hrvb +QMbiMi 7Q` 
T`iB+mH` +QKTQmM/ `2;`/H2bb Q7 i?2 bKTHBM; bBi2- bKTHBM; `i2b rBHH i?2`27Q`2
QMHv /Bz2` rBi? i?2 pHm2 Q7 _b-jyy 7Q` i?2 ?vTQi?2iB+H +QKTQmM/ M/ i?2`27Q`2 "X "
Bb  T`QTQ`iBQMHBiv +QMbiMi i?i +QK#BM2b HH 7+iQ`b bbQ+Bi2/ rBi? ?v/`Q/vMKB+
+QM/BiBQMb M/ bKTH2` ;2QK2i`v (Rjk)X lbBM; bKTH2`b Q7 mMB7Q`K ;2QK2i`v BM HH
bKTHBM; bBi2b BKTHB2b i?i /Bz2`2M+2b BM bKTHBM; `i2b #2ir22M bBi2b rQmH/ #2
T`QTQ`iBQMH iQ i?2 /Bz2`2M+2b BM ?v/`Q/vMKB+ +QM/BiBQMb- KBMHv i?2 ~Qr `i2bX
>B;?2` ~Qr `i2b /2+`2b2b i?2 i?B+FM2bb Q7 i?2 ri2` #QmM/`v Hv2` M/ i?2`27Q`2
i?2 Kbb i`Mb72` `2bBbiM+2 BKTHvBM; ?B;?2` bKTHBM; `i2bX








y = −0.049x + 1.99
R2 = 0.9832, s = 0.007
y = −0.047x + 1.63









6B;m`2 9XRR,  THQi Q7 S_*Ĝ/2`Bp2/ HQ; Rb 7Q` S>b ;BMbi HBi2`im`2 pHm2b Q7
HQ; KTr 7`QK aK2/2b 2i HX (R9d)X U V M/ U V `2T`2b2Mi /i 7`QK biiBQMb R M/ k
`2bT2+iBp2Hv HQM; aQbBMB `Bp2`X
33
6B;m`2 9XRR Bb  THQi Q7 HQ; Rb /2`Bp2/ 7`QK }2H/Ĝ/BbbBTi2/ S_*b ;BMbi HQ; KTr
pHm2b Q#iBM2/ 7`QK HBi2`im`2 (R9d)X ai`QM; HBM2` +Q``2HiBQMb UR2 = 0.98V r2`2
Q#iBM2/ mbBM; /i 7`QK #Qi? bKTHBM; biiBQMbX aHQT2b Q7 i?2 `2;`2bbBQM HBM2b
r2`2 MQi bB;MB}+MiHv /Bz2`2Mi 7`QK 2+? Qi?2` Up > 0.05V M/ +QmH/ i?2`27Q`2 #2
p2`;2/ iQ @yXy93X h?2 vĜBMi2`+2Ti +QHH2+iBp2Hv /2b+`B#2b i?2 BM~m2M+2 Q7 2MpB`QM@
K2MiH p`B#H2b bm+? b ~Qr `i2b M/ i2KT2`im`2X :Bp2M i?i i2KT2`im`2 rb
7B`Hv +QMbiMi i?`Qm;?Qmi i?2 bKTHBM; T2`BQ/- Bi Bb HBF2Hv i?i i?2 bHB;?iHv ?B;?2`
vĜBMi2`+2Ti pHm2 BM biiBQM R URXNNV Bb ii`B#mi#H2 iQ  ?B;?2` ~Qr `i2 i?M BM bi@
iBQM k URXejVX h?2`27Q`2- `2T`2b2MiBM; i?2 vĜBMi2`+2Ti #v b◦ M/ mbBM; i?2 p2`;2
bHQT2- Rb +QmH/ #2 `2Hi2/ iQ KTr b,
Rb = K−0.048pw b◦ U9X8V
6B;m`2 9XRk b?Qrb  HBM2` +Q``2HiBQM #2ir22M S_*Ĝ/2`Bp2/ Rb 7Q` S>b M/ HQ;
EQrX Rb /2+`2b2/ HBM2`Hv rBi? BM+`2bBM; HQ; EQrX ai`QM; HBM2` +Q``2HiBQMb








y = −0.048x + 2.01
R2 = 0.9793, s = 0.008
y = −0.046x + 1.65









6B;m`2 9XRk,  THQi Q7 S_*Ĝ/2`Bp2/ HQ; Rb 7Q` S>b ;BMbi i?2B` HQ; KQr 7`QK
biiBQMb R U V M/ k U V HQM; aQbBMB `Bp2`X GQ; KQr pHm2b Q7 T`2Mi S>b r2`2
Q#iBM2/ 7`QK aK2/2b 2i HX (R9d) M/ i?Qb2 Q7 K2i?vHi2/ MT?i?H2M2b 7`QK i?2
a_* r2#bBi2 (R9N)X
3N
UR2 = 0.98V r2`2 7QmM/ #2ir22M HQ; Rb M/ HQ; KQr 7`QK i?2 irQ bKTHBM; biiBQMb
rBi? MQ bB;MB}+Mi /Bz2`2M+2 #2ir22M bHQT2b U p > 0.05VX lbBM; M p2`;2 bHQT2
M/  `2T`2b2MiiBp2 vĜBMi2`+2Ti- Rb +QmH/ #2 `2Hi2/ iQ KQr b,
Rb = K−0.047ow b◦ U9XeV
h?Bb `2HiBQM Bb bBKBH` iQ i?i /2b+`B#2/ BM 2[miBQM 9X8 #Qp2 r?2M `2HiBM; Rb iQ
ETrX h?2`27Q`2- 7Q` i?2b2 ;`QmTb Q7 +QKTQmM/b M/ BM i?2 T`iB+mH` }2H/ bBimiBQM-
KQr +QmH/ b2`p2 b  T`2/B+iQ` Q7 bKTHBM; `i2b BM HB2m Q7 ETrX h?2 pHm2 @yXy9d BM
2[miBQM 9Xe 7HHb BM i?2 `M;2 Q7 `2TQ`i2/ HBi2`im`2 pHm2b URb ≈ K−0.02ow − K−0.08ow V
7Q` mTiF2 i?i Bb +QMi`QHH2/ #v i?2 ri2` #QmM/`v Hv2` (Rk9- Rjk)X
AM M bb2bbK2Mi Q7 b2p2`H TQHvK2`b mb2/ BM TbbBp2 bKTHBM;- _mbBM 2i HX (RjR)
`2TQ`i2/ i?i i?2 i`MbTQ`i `2bBbiM+2 BM bBHB+QM2 K2K#`M2- T`iB+mH`Hv Hi2aBH-





Bb i?2 Kbb i`Mb72` `2bBbiM+2 BM ri2`X h?Bb BKTHB2b i?i mTiF2
Q7 +QKTQmM/b #v bBHB+QM2 `m##2` Bb KBMHv z2+i2/ #v /BzmbBQM i?`Qm;? i?2 ri2`




r?2`2 6 Bb  T`QTQ`iBQMHBiv +QMbiMi i?i 2tTHBMb i?2 +QMi`B#miBQM Q7 ?v/`Q/v@
MKB+ +QM/BiBQMb (Rjk)X 1tT2`BK2MiH .r pHm2b `2 ``2 #mi  MmK#2` Q7 2tBbiBM;
T`2/B+iBp2 2[miBQMb +M #2 mb2/X h?2b2 2[miBQMb `2Hi2 .r iQ QM2 Q` KQ`2 Q7 i?2
7QHHQrBM; T`K2i2`b, KQH2+mH` pQHmK2 Uo V- i2KT2`im`2 UhV- KQH2+mH` r2B;?i
UJV M/ pBb+QbBiv UμVX aQK2 Q7 i?2 2[miBQMb `2 ;Bp2M BM b2+iBQM AX8 Q7 i?2 T@
T2M/Bt- M/ };m`2 9XRj b?Qrb THQib Q7 HQ; Rb 7`QK biiBQM R ;BMbi HQ;b Q7 .rbX
6`QK };m`2 9XRj- i?2 KQ/2Hb vB2H/2/ p`B2/ T`2/B+iBQMb Q7 bHQT2b M/ QMHv i?2 bHQT2
T`2/B+i2/ mbBM; i?2 2[miBQM 7Q` Dr T`QpB/2/ #v a+?r`x2M#+? 2i HX (R9y) UT;2
Ny
3yNV TT`Q+?2/ i?2 2tTQM2Mi kfj BM 2[miBQM 9Xd b biBTmHi2/ #v i?2 ?v/`Q/vMKB+
i?2Q`vX *H+mHi2/ Dr pHm2b p`B2/ #v  7+iQ` Q7 RXRN iQ RXeR #2ir22M KQ/2Hb M/
/2+`2b2/ 7`QK MT?i?H2M2 iQ /B#2MxQ(-?)Mi?`+2M2 #v  7+iQ` Q7 RX8R iQ kXy8X
Rb pHm2b T`2/B+i2/ mbBM; 2[miBQM 9Xd rBi? Dr pHm2b 7`QK i?2 p`BQmb KQ/2Hb
r2`2 }ii2/ iQ }2H/ Rb rBi? i?2 mMFMQrM T`K2i2` 6 b M /Dmbi#H2 p`B#H2X
h?2 T`2/B+i2/ Rb r2`2 THQii2/ ;BMbi }2H/ pHm2b- M/ `2bmHib Q7 i?2 +H+mHi2/
biiBbiB+H T`K2i2`b `2 ;Bp2M BM i#H2 9X9X h?2 #2bi }i rb Q#iBM2/ mbBM; i?2
2[miBQM 7Q` Dr #v a+?r`x2M#+? 2i HX (R9y)X h?2 2[miBQM #v qQ`+? (Rde) HbQ
T2`7Q`K2/ r2HHX GQ;b Q7 T`2/B+i2/ Rb mbBM; Dr pHm2b 7`QK i?2b2 irQ 2[miBQMb r2`2
THQii2/ ;BMbi HQ; KQr M/ `2 b?QrM BM };m`2 9XR9X
aHQT2b Q7 i?2 `2;`2bbBQM HBM2b 7`QK i?2 a+?r`x2M#+? 2i HX (R9y) `2HiBQM Ki+?2/


















6B;m`2 9XRj,  THQi Q7 HQ; Rb 7Q` biiBQM R ;BMbi HQ; .r /2i2`KBM2/ mbBM; p`BQmb
2[miBQMb, U V a+?r`x2M#+? 2i HX (R9y)- U V Pi?K2` M/ h?F` (Rye)- U V
>v/mF M/ Gm/B2 (83)- U V *?M; M/ qBHF2 (kN)- U V qQ`+? (Rde) M/ U V
>v/mF M/ JBM?b (8d)X 6Q` BHHmbi`iBQM- i?2 /i TQBMib b?QrM r2`2 THQii2/
;BMbi HQ; .r /2i2`KBM2/ mbBM; i?2 a+?r`x2M#+? 2[miBQMX
NR
h#H2 9X9, aiiBbiB+H T`K2i2`b `2bmHiBM; 7`QK THQiiBM; T`2/B+i2/ Rb mbBM; 2[miBQM
9Xd ;BMbi }2H/ pHm2b
1[miBQM 7Q` T`2/B+iBM; Dr bHQT2 BMi2`+2Ti _k b
aiiBQM R
Pi?K2` M/ h?F` yXeN RdXN9 yXNeed yXNk
>v/mF M/ Gm/B2 yXe3 R3Xek yXNedy yXNy
*?M; M/ qBHF2 yXeN RdXNj yXNee8 yXNk
a+?r`x2M#+? 2i HX RXyR @yXj8 yXNNNN yXy9
qQ`+? yXd8 R9X89 yXNNNN yXye
>v/mF M/ JBM?b RXRe @NXj8 yXNedd RX8R
aiiBQM k
Pi?K2` M/ h?F` yXdy dX3d yXNedd yX9y
>v/mF M/ Gm/B2 yXeN 3XRd yXNedN yXjN
*?M; M/ qBHF2 yXdy dX3d yXNed8 yX9y
a+?r`x2M#+? 2i HX RXyR @yXk8 yXNNNN yXyj
qQ`+? yXde eXjd yXNNNN yXyj
>v/mF M/ JBM?b RXRe @9Xke yXNe33 yXee
Dr pHm2b 7`QK qQ`+? (Rde) HbQ 72HH rBi?BM i?2 `M;2 /2b+`B#2/ BM HBi2`im`2 (Rk9-
Rjk)X
1[miBQM kXRd i?i iF2b BMiQ ++QmMi HH i?2 mTiF2 T?b2b BM+Hm/BM; HBM2`- 2[mB@
HB#`BmK M/ Tb2m/Q@2[mBHB#`BmK U};m`2 kXkV rb mb2/ iQ +H+mHi2 Cr mbBM; }2H/Ĝ
/2i2`KBM2/ _b- bQ`#2/ KQmMib M/ KTr Q#iBM2/ 7`QK HBi2`im`2 (R9d)X h?Bb 2[m@
iBQM Bb mb27mH BM /2i2`KBMBM; [m2Qmb +QM+2Mi`iBQMb Q7 +QKTQmM/b i?i Kv MQi
`2+? 2[mBHB#`BmK rBi?BM i?2 bKTHBM; /m`iBQMX 1[mBHB#`BmK biimb Q7  Sa. +M
#2 BM72``2/ 7`QK i?2 `2bB/2M+2 iBK2 τ U/V- i?i Bb- i?2 K2M H2M;i? Q7 iBK2 i?i 






r?2`2 ke URf/V Bb i?2 2HBKBMiBQM `i2X :Bp2M i?i BM a_- 2HBKBMiBQM M/ mTiF2
Nk
`i2b `2 BbQi`QTB+- τ +M HbQ #2 +H+mHi2/ 7`QK Rb M/ KTr pHm2b (eR- Rjk)X h?mb-
Bi rQmH/ iF2  72r ?Qm`b iQ v2`b 7Q` 2bi#HBb?K2Mi Q7 2[mBHB#`BmK mM/2` i?2 }2H/
+QM/BiBQMb Ub22 i#H2 9X8VX
*H+mHi2/ Cr pHm2b `2 ;Bp2M BM i#H2 9X8X 6`22Hv /BbbQHp2/ +QM+2Mi`iBQMb `M;2/
7`QK yXykĜk8XN8 M;fG M/ r2`2 /QKBMi2/ #v HQr2` KQH2+mH` r2B;?i K2K#2`bX
9XkX9 6`22Hv /BbbQHp2/ +QM+2Mi`iBQMb /2i2`KBM2/ mbBM; S1a
b /2b+`B#2/ BM bm#b2+iBQM 9XRX8- S_*b +QmH/ MQi #2 TTHB2/ iQ S1aX h?2`27Q`2
iQ KBMBKBx2 i?2 2``Q`b BMi`Q/m+2/ r?2M mbBM; H#Q`iQ`v `2bmHib iQ 2biBKi2 }2H/
pHm2b- i?2 +HB#`iBQM 2tT2`BK2Mi b /2b+`B#2/ BM bm#b2+iBQM jXRXk rb +QM/m+i2/
i }2H/ +QM/BiBQMb- i?i Bb- ≈k9Xy ◦* i2KT2`im`2 M/ yXj9Kfb ~Qr p2HQ+BivX AM
//BiBQM- }2H/@2tTQb2/ S1a mM/2`r2Mi KBMBKH #BQ7QmHBM; Ub22 TT2M/Bt AXkV M/








y = −0.048x + 2.01
R2 = 0.9793, s = 0.008
y = −0.035x + 1.94
R2 = 0.9761, s = 0.006
y = −0.046x + 1.65
R2 = 0.9763, s = 0.008
y = −0.036x + 1.60














6B;m`2 9XR9, SHQib Q7 HQ; Rb T`2/B+i2/ mbBM; 2[miBQM 9Xd M/ Dr pHm2b /2`Bp2/
7`QK U V a+?r`x2M#+? 2i HX (R9y) U2[miBQMb QM i?2 `B;?iV M/ U V qQ`+?
(Rde) U2[miBQMb QM i?2 H27iV ;BMbi HQ; EQrX M/ `2T`2b2Mi pHm2b 7`QK biiBQMb
R M/ k `2bT2+iBp2HvX
Nj
+QmH/ MQi #2 2tT2+i2/ iQ bB;MB}+MiHv z2+i i?2 mTiF2 T`Q+2bbX Rb Q#iBM2/ BM
i?2 +HB#`iBQM 2tT2`BK2Mi- b ;Bp2M BM i#H2 9Xe- r2`2 MQ`KHBx2/ iQ i?2 bm`7+2
`2 Q7 }2H/@2tTQb2/ S1a bi`BTb M/ i?2M mb2/ iQ +H+mHi2 Cr i i?2 irQ bKTHBM;
biiBQMb bbmKBM; +QMbiMi ~Qr p2HQ+BiB2bX Cr rb +H+mHi2/ mbBM; i?2 FBM2iB+ KQ/2H
U2[miBQM kXR3- M/ i?2 pHm2b `2 ;Bp2M BM i#H2 9XeX aBKBH` iQ Cr /2i2`KBM2/ mbBM;
a_- /2i2+i2/ S>b r2`2 /QKBMi2/ #v i?2 HQr2` KQH2+mH` r2B;?i +QKTQmM/b rBi?
7`22Hv /BbbQHp2/ +QM+2Mi`iBQMb `M;BM; 7`QK yXyRĜRXk3 M;fGX
9XkX8 *QKT`BbQM Q7 bQ`#2/ S>b /2i2`KBM2/ mbBM; S1a
M/ a_ BM `2HiBQM iQ i?2B` T`QT2`iB2b
6B;m`2 9XR8 b?Qrb i?2 iQiH bQ`#2/ KQmMib Q7 S>b 7`QK i?2 irQ bKTHBM; biiBQMb
;`QmT2/ #v i?2 MmK#2` Q7 `BM;b M/ MQ`KHBx2/ iQ Ryy +Kk Q7 bQ`#2Mi Ki2`BHX h?2
++mKmHi2/ 9Ĝ M/ 8Ĝ`BM;2/ S>b BM i?2 irQ bQ`#2Mib r2`2 i M TT`QtBKi2Hv
R,R `iBQX h?2 KQmMib Q7 bQ`#2/ jĜ`BM;2/- K2i?vHi2/ MT?i?H2M2b M/ kĜ`BM;2/
S>b BM S1a r2`2- `2bT2+iBp2Hv- kĜ- jĜ M/ 9Ĝ7QH/ ?B;?2` i?M BM a_X >2M+2- S1a
b?Qr2/ ;`2i2` bQ`TiBQM 7Q` i?2 HQr2` KQH2+mH` r2B;?i S>b i?M a_X
S1a M/ a_ `2 bi`m+im`HHv /Bz2`2Mi Ub22 };m`2 9XReV BKTHvBM; i?2 mTiF2 T`Q+2bb
Q7 >P*b 7`QK i?2 [m2Qmb T?b2 BMiQ i?2b2 bQ`#2Mib Kv 7QHHQr /Bz2`2Mi Ti?@
rvbX a_ 2t?B#Bib  mMB7Q`K MQM@TQ`Qmb bi`m+im`2 i?i Bb +QMbB/2`2/ `m##2`v UT ;
4 ƐRk8 ◦*V rBi?  ~2tB#H2 M/ 2tTM/#H2 bi`m+im`2 (RjR)X h?2 ~2tB#H2 `m##2`v
+?BMb +M KQp2f`2bi`m+im`2 iQ +`2i2 7`22 pQHmK2 M/ ++QKKQ/i2 +QKTQmM/b
/m`BM; bQ`TiBQM i /BHmi2 +QM+2Mi`iBQMbX h?2 +pBiB2b +`2i2/ QM br2HHBM; `2 MQi
T2`KM2Mi- `i?2` i?2v `2 ǵ~22iBM;Ƕ M/ +M HbQ `2Ht r?2M `2H2bBM; i?2 +?2KB+H
mTQM /2bQ`TiBQMX h?Bb T`QT2`iv- BM //BiBQM iQ i?2 MQM@TQH` +?`+i2` KF2b a_
?p2 ?B;? ++2bbB#BHBiv M/ /BzmbBpBiB2b 7Q` >P*b (kk- Rke- RjR)X
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6B;m`2 9XR8,  +QKT`BbQM Q7 bQ`#2/ +QM+2Mi`iBQMb Q7 S>b bKTH2/ i i?2 irQ
biiBQMb mbBM; S1a U V M/ a_ U VX "`b `2T`2b2Mi i?2 iQiH bmK Q7 bQ`#2/ +QM+2M@
i`iBQMb 7`QK i?2 irQ biiBQMb ;`QmT2/ #v i?2 MmK#2` Q7 S> `BM;bX k@K `2T`2b2Mib
K2i?vH MT?i?H2M2bX
UV U#V
6B;m`2 9XRe, a1J KB+`Q;`T?b Q7 THM2 7+2b Q7 mMmb2/ UV a_ M/ U#V S1a K2K@
#`M2bX h?2 KB+`Q;`T?b r2`2 T`Q/m+2/ i S`QoAa- l6w G2BTxB;X
;2M2`HHv Q#b2`p2/ BM i?Bb bim/v b b?QrM BM };m`2 9XR8X aQK2 2tTHMiBQMb 7Q` i?2
#2ii2` bQ`TiBQM Q7 S1a +M #2 Tmi 7Q`i?X b /Bb+mbb2/ T`2pBQmbHv- S1a Bb TQ`Qmb M/
?b  +QKT`iBp2Hv `B;B/ bi`m+im`2 UT ; 4 kk8 ◦*V- M/ Bi Bb mMHBF2Hv i?i `m##2`v
+?BMb /QKBMi2 Bib bi`m+im`2X >2M+2 S1a ?b ?B;?2` bQ`TiBQM +T+Biv `2bmHiBM;
7`QK i?2 Q++m``2M+2 Q7 #Qi? /BbbQHmiBQM M/ /bQ`TiBQM bBi2b BM TQ`2b- bQ i?i /2bTBi2
N3
i?2 `2bmHiMi HQr2` /BzmbBpBiv i?M BM a_- bQ`#2/ +QM+2Mi`iBQMb rQmH/ biBHH 2t+22/
Q` +QKT`2 iQ i?Qb2 ++mKmHi2/ BM a_X //BiBQMHHv- ;Bp2M Bib ?v/`QT?BHB+ U/m2
iQ //BiBp2bV M/ TQ`Qmb Mim`2- Bi Bb TQbbB#H2 i?i S1a@ri2` BMi2`+iBQMb i?`Qm;?
?v/`Q;2M #QM/BM; +mb2b S1a iQ mM/2`;Q THbiB+BxiBQM BM i?2 T`2b2M+2 Q7 ri2`
(3R)X SHbiB+BxiBQM H2/b iQ  /2T`2bbBQM BM T ; +mbBM; M BM+`2b2/ KQ#BHBiv BM i?2
/vMKB+HHvĜ+QMbi`BM2/ KQ`T?Qmb bQHB/ M/ HbQ M BM+`2b2/ 7`22 pQHmK2 r?B+?
+mb2b /BzmbBpBiv M/ i?2`27Q`2 bQ`TiBQM iQ #2 7pQm`#Hv 2M?M+2/ (3R- Rj9)X
9XkXe *QKT`BbQM Q7 S1a M/ a_ `2;`/BM; S_*b mb2
_mbBM 2i HX (Rjk) /2KQMbi`i2/ i?i i?2 mTiF2 Q7  +QKTQmM/ U2X;X S>V #v a_
p2`bmb i?2 `2H2b2 Q7 M MHQ;Qmb /2mi2`i2/ +QKTQmM/ US_*V 2t?B#Bi2/ BbQi`QTv
b b?QrM BM };m`2 9X87X h?Bb Q#b2`piBQM +M #2 2tTHBM2/ #v i?2 `m##2`v Mim`2
Q7 a_ i?i KF2b Bi K2M#H2 7Q` br2HHBM; M/ `2HtiBQM /m`BM; bQ`TiBQM M/ /2b@
Q`TiBQM T`Q+2bb2b- `2bT2+iBp2Hv- rBi?Qmi +mbBM; bB;MB}+Mi bi`m+im`H +?M;2b BM i?2
TQHvK2` Ki2`BHX aBKTHv- a_ +M #2 pB2r2/ b  T`QpB/2` Q7 i2KTQ``v b?2Hi2` iQ 
+QKTQmM/ r?B+? +M #2 `2H2b2/ ;Bp2M 7pQm`#H2 +QM/BiBQMbX h?Bb b?Qrb i?2 bmBi@
#BHBiv Q7 S_*b BM /2i2`KBMBM; BM bBim bKTHBM; `i2b 7Q` a_X ++Q`/BM;Hv- S_*b
r2`2 bm++2bb7mHHv mb2/ BM i?Bb bim/v iQ /2i2`KBM2 BM bBim bKTHBM; `i2b- M/ i?2
`2H2b2 Q7 bTBF2/ S_*b rb +QM+QKBiMi rBi? i?2B` KQH` Kbb2b b b?QrM BM };m`2
9XRyX S_*Ĝ/2`Bp2/ BM bBim bKTHBM; `i2b HbQ p`B2/ HBM2`Hv rBi? KTr M/ KQr b
b?QrM BM };m`2b 9XRR M/ 9XRk- `2bT2+iBp2Hv- M/ i?2 `2bmHiBM; +Q``2HiBQMb Ki+?2/
HBi2`im`2 pHm2b 7Q` mTiF2 i?i Bb +QMi`QHH2/ #v i?2 ri2` #QmM/`v Hv2` (Rk9- Rjk)X
PM i?2 Qi?2` ?M/- S1a b?Qr2/ MBbQi`QTv BM Bib mTiF2 Q7 +QKTQmM/b p2`bmb `2H2b2
Q7 MHQ;Qmb S_*b b b?QrM BM };m`2 9X82- i?mb S_*b +QmH/ MQi #2 mb2/ iQ /2i2`KBM2




h?2 +Q2{+B2Mib Q7 p`BiBQM Q7 bQ`#2/ +QM+2Mi`iBQMb Q7 S>b /2`Bp2/ 7`QK i`BTHB+i2
S1a bi`BTb /2THQv2/ i 2+? Q7 i?2 irQ bKTHBM; biiBQMb `M;2/ 7`QK yĜReW 2t+2Ti
7Q` MT?i?H2M2 UkNWVX :Bp2M i?i i?2b2 2``Q`b `2T`2b2Mi i?2 iQiH bmK Q7 2``Q`b
7`QK HH i?2 T`Q+2bb2b BM+Hm/BM; T`2T`iBQM- /2THQvK2Mi- biQ`;2- 2ti`+iBQM M/
MHvbBb- i?2 mb2 Q7 S1a 7Q` }2H/ bKTHBM; rb i?2`27Q`2 +QMbB/2`2/ iQ #2 `2T2i#H2X
h?2 ?B;?2` *o 7Q` MT?i?H2M2 rb ii`B#mi2/ iQ +`Qbb@+QMiKBMiBQM /m`BM; ?M@
/HBM; ;Bp2M i?i MT?i?H2M2 2tBbib TH2MiB7mHHv BM B`X "HMFb r2`2 mb2/ /m`BM;
K2K#`M2 T`2T`iBQM- /2THQvK2Mi M/ `2i`B2pH iQ +?2+F 7Q` +QMiKBMiBQMX PMHv
MT?i?H2M2- k@J2i?vHMT?i?H2M2 M/ T?2MMi?`2M2 r2`2 /2i2+i2/ BM bm{+B2Mi
[mMiBiB2b M/ r2`2 bm#i`+i2/ 7`QK K2bm`2/ +QM+2Mi`iBQMbX
9XkX3 *QM+2Mi`iBQMb Q7 T?i?Hi2b BM aQbBMB `Bp2` b /2i2`@
KBM2/ mbBM; S1a M/ a_
*QM+2Mi`iBQMb Q7 T?i?Hi2b bQ`#2/ QMiQ S1a M/ a_ `2 ;Bp2M BM i#H2b 9Xd M/
9X3- `2bT2+iBp2HvX HH i?2 i?`22 i`;2i T?i?Hi2b r2`2 /2i2+i2/ BM #Qi? bKTHBM;
biiBQMb M/ r2`2 /QKBMi2/ #v #BbUk@2i?vH?2tvHVT?i?Hi2 U.1>SV- KQbi T`Q##Hv
/m2 iQ Bib rB/2bT`2/ mb2 (Nj)X
*QM+2Mi`iBQMb b?QrM BM i?2 i#H2b ?p2 #22M #HMF@+Q``2+i2/ ;Bp2M i?i T?i?Hi2b
r2`2 [mMiB}#H2 BM #HMFbX 6Q` BMbiM+2- i?2 KQmMi BM #HMFb 7Q` ."S 2t+22/2/
i?Qb2 K2bm`2/ BM biiBQM R #v a_ ?2M+2 i?2 x2`Q pHm2X a_ rb +QKT`iBp2Hv
KQ`2 T`QM2 iQ #+F;`QmM/ BMi2`72`2M+2X "2MxvH #mivH T?i?Hi2 U""SV ?/ i?2 H2bi
#HMF pHm2 M/ /B#mivH T?i?Hi2 U."SV i?2 ?B;?2biX h?2`27Q`2- Hi?Qm;? i?2 irQ
bKTH2`b +M #2 mb2/ iQ KQMBiQ` T?i?Hi2b b /2KQMbi`i2/ #v i?Bb bim/v- [mHBiv
Ryy
+QMi`QH M/ bbm`M+2 `2KBMb i?2 F2v +?HH2M;2 M/ Kmbi Hrvb #2 2Mbm`2/X h?Bb
Bb #2+mb2 T?i?Hi2b `2 ?B;? T`Q/m+iBQM pQHmK2 +?2KB+Hb i?i `2 rB/2Hv mb2/
M/ `2 i?2`27Q`2 m#B[mBiQmb BM i?2 H#Q`iQ`v 2MpB`QMK2Mi- Q++m``BM; BM Q`;MB+
bQHp2Mib- K#B2Mi B`- BMbi`mK2Mib M/ TT`imb (Ryj)X L2p2`i?2H2bb- #+F;`QmM/
BMi2`72`2M+2 +M #2 `2/m+2/ #v mbBM; T?i?Hi2Ĝ7`22 bQHp2Mi M/ ri2` r?2`2 TQbbB#H2
M/ ;Hbb TT`imbX AM //BiBQM- T`2T`iBQM M/ MHvbBb +M #2 +``B2/ Qmi BM 
/2/B+i2/ T?i?Hi2Ĝ7`22 `QQK rBi?  Tm`B}2/ B` }Hi2` (Ryj)X HH i?2b2 bi2Tb +M
`2/m+2 #+F;`QmM/ BMi2`72`2M+2 #mi +MMQi iQiHHv 2HBKBMi2 Bi- ?2M+2 #HMFb Kmbi
Hrvb #2 mb2/ /m`BM; HH bKTH2` ?M/HBM; bi2TbX
*Q2{+B2Mib Q7 p`BiBQM Q7 ."S 7`QK i`BTHB+i2 a_ bKTH2`b rb R9dW M/ +M #2
ii`B#mi2/ iQ #+F;`QmM/ BMi2`72`2M+2X Pi?2`rBb2- i?2 `2bi Q7 i?2 *ob `M;2/ 7`QK
jĜkRW M/ i?2`27Q`2 bKTHBM; 7Q` T?i?Hi2b mbBM; i?2 irQ bKTH2`b rb +QMbB/2`2/
`2T2i#H2X
aQ`#2/ KQmMib r2`2 MQ`KHBx2/ iQ Ryy +Kk bKTH2` Ki2`BH 7Q` Tm`TQb2b Q7 +QK@
T`BbQMX h?2`2 rb MQ bB;MB}+Mi /Bz2`2M+2 BM K2bm`2/ KQmMib #2ir22M i?2 irQ
bKTH2`b Up> 0.05VX q?BH2 +QMbB/2`BM; i?2 bmb+2TiB#BHBiv iQ #+F;`QmM/ BMi2`72`2M+2-
S1a rb KQ`2 bmBi#H2 7Q` i?2 bb2bbK2Mi Q7 T?i?Hi2b BM bm`7+2 ri2`X Ai b?QmH/
#2 MQi2/ i?i i?2 bQ`#2/ KQmMib r2`2 MQi `2+H+mHi2/ iQ [m2Qmb +QM+2Mi`iBQMb
/m2 iQ #b2M+2 Q7 2tT2`BK2MiH KTr pHm2b 7Q` a_X .2i2`KBMiBQM Q7 i?2b2 KTr rb
QmibB/2 i?2 b+QT2 Q7 i?Bb bim/v #mi +M #2 T2`7Q`K2/ B7 #+F;`QmM/ BMi2`72`2M+2 Bb
+?2+F2/X
h?2 bKTHBM; `i2 7Q` ""S BM S1a rb /2i2`KBM2/ BM i?Bb bim/v M/ ?p2 H`2/v
#22M `2TQ`i2/ BM i#H2 9XkX lbBM; i?2b2 pHm2b 7Q` +H+mHiBQM vB2H/2/ Cr pHm2b 7Q`
























































































































































































































































































































































































































































































































9XkXN S2`7Q`KM+2 Q7 S1a BM +QKT`BbQM iQ a_
:2M2`HHv- S1a rb 2bB2` iQ ?M/H2 i?M a_ M/ Qz2`2/ b2p2`H /pMi;2bX Ai
rb H2bb T`QM2 iQ #BQ7QmHBM; i?M a_ T`Q##Hv /m2 iQ Bib ?v/`QT?BHB+ Mim`2 i?i `2@
/m+2b ?v/`QT?Q#B+ BMi2`+iBQMb rBi? #BQ7QmHBM; (R9k)X S1a i?2`27Q`2 vB2H/2/ +H2M2`
2ti`+ibX S`2T`iBQM M/ 2ti`+iBQM T`Q+2/m`2b 7Q` S1a +QMbmK2/ H2bb iBK2 M/
bQHp2MiX 6Q` BMbiM+2- i?2 /m`iBQM Q7 i?2 2ti`+iBQM T`Q+2/m`2 M/ i?2 KQmMi Q7
bQHp2Mi mb2/ T2` bKTH2` rb 8yKBM- 9yKG M/ ky ?- kyyKG- `2bT2+iBp2Hv- 7Q` S1a
M/ a_X 6m`i?2`KQ`2- H2bb K2K#`M2 Ki2`BH rb mb2/ BM KFBM;  S1a bKTH2`
i?M a_X h?2 `2bmHib `2TQ`i2/ BM b2+iBQM 9XkX8 `2 p2`;2b 7`QK i?`22 bKTH2`b
+QMbBbiBM; Q7- `2bT2+iBp2Hv- QM2 M/ i?`22 S1a M/ a_ bi`BTbX h?i Bb- jyy +Kk Q7
a_ r2`2 `2[mB`2/ iQ +?B2p2 i?2 bK2 +QM+2Mi`iBQM bKTH2/ #v Rjy +Kk Q7 S1aX
>Qr2p2`- S1a rb [mBi2 /2HB+i2- M/ }2H/ /2THQvK2Mi rb i?2`27Q`2 +``B2/ Qmi BM
 T`Qi2+iBp2 2MpB`QMK2Mi K/2 Q7 rB`2 K2b?2b iQ T`2p2Mi HQbb2b /m2 iQ #`bBQMX
L2p2`i?2H2bb- #Qi? bKTH2`b T2`7Q`K2/ 2[mHHv r2HH BM i2`Kb Q7 bQ`TiBQM Q7 i?2 >P*bX
PM i?2 Qi?2` ?M/- a_ Bb  r2HH /2p2HQT2/ Sa. rBi? FMQrM rQ`FBM; T`BM+BTH2b 7Q`
bQK2 >P*b M/ ?b H`2/v #22M TTHB2/ BM i?2 }2H/ (Rk9- R9e)X
9Xj S>b BM TQ`2ri2` M/ b2/BK2Mib
*QM+2Mi`iBQMb Q7 S>b BM TQ`2ri2` Q7 B`Ĝ/`B2/ M/ r2i b2/BK2Mib r2`2 /2i2`@
KBM2/ #v 2[mBHB#`iBM; S1a bi`BTb rBi? TQ`2ri2` /m`BM; jy / M/ 89 /X *Q2{+B2Mib
Q7 p`BiBQM Q7 /i 7`QK 2+? bKTHBM; biiBQM r2`2 +H+mHi2/ M/ `2 ;Bp2M BM
i#H2b CXR M/ CXk BM i?2 TT2M/BtX *ob 7Q` HH /mTHB+i2 2tT2`BK2Mib r2`2 ≤ 26%
BM/B+iBM; `2T2i#BHBivX *ob 7`QK #Qi? i?2 B`Ĝ/`B2/ M/ r2i b2/BK2Mib 7Q` i?2 jy /
M/ 89 / 2tT2`BK2Mib r2`2 ≤ 18% M/ ≤ 20%- `2bT2+iBp2Hv- M/ i?Bb p2`B}2/ i?i
+QM+2Mi`iBQMb BM S1a /B/ MQi +?M;2 Km+? Qp2` iBK2X
Ryj
Pp2`HH *ob +H+mHi2/ mbBM; HH /i 7`QK 2+? bKTHBM; biiBQM- i?i Bb- HH i?2
`r /i 7`QK B`@/`B2/ M/ r2i b2/BK2Mib `2 HbQ HBbi2/ BM i#H2b CXR M/ CXkX
LT?i?H2M2 M/ Bib HFvHi2/ /2`BpiBp2b `2+Q`/2/ TQQ` pHm2b U53%≤ CV≤ 94%V
bBM+2 +QM+2Mi`iBQMb 7`QK B`@/`B2/ b2/BK2Mib r2`2 Km+? ?B;?2` i?M i?Qb2 7`QK
r2i b2/BK2Mib T`Q##Hv /m2 iQ +QMiKBMiBQM 7`QK B` /m`BM; i?2 /`vBM; T`Q+2bbX
*ob 7Q` i?2 Qi?2` +QKTQmM/b r2`2 ≤ 38%X h?Bb BKTHB2b i?i mM/2` +QMi`QHH2/
+QM/BiBQMb- i?2 mb2 Q7 B`@/`B2/ b2/BK2Mib BM HB2m Q7 r2i QM2b /Q2b MQi H2/ iQ 
bB;MB}+Mi /Bz2`2M+2 BM K2bm`2/ +QM+2Mi`iBQMbX
6`22Hv /BbbQHp2/ TQ`2ri2` +QM+2Mi`iBQMb U*TrV r2`2 +H+mHi2/ mbBM; 2[miBQM kXR3
M/ /i 7`QK i?2 89 / 2tT2`BK2Mi mbBM; r2i b2/BK2MibX *H+mHi2/ CTr `2 ;Bp2M
BM i#H2 9XRyX S>b mT iQ #2MxQ(#YF)~mQ`Mi?2M2 r2`2 /2i2+i2/X Hi?Qm;? i?2
?B;?2` KQH2+mH` r2B;?i S>b r2`2 [mMiB}#H2 BM b2/BK2Mi 2ti`+ib b b?QrM BM
i?2 i#H2- i?2b2 +QKTQmM/b r2`2 MQi /2i2+i2/ BM S1a 2ti`+ibX aBM+2 bQ`TiBQM Q7
?B;?2` KQH2+mH` r2B;?i S>b Kv 2tT2`B2M+2 bi2`B+ ?BM/`M+2 bQ i?i i?2 T`Q+2bb
Bb `2bi`B+i2/ iQ i?2 K2K#`M2 bm`7+2 b 2`HB2` /Bb+mbb2/- i?2 bQ`#2/ +QM+2Mi`iBQMb
7`QK b2/BK2Mi TQ`2ri2` Kv #2 iQQ HQr 7Q` [mMiB}+iBQMX PM i?2 Qi?2` ?M/- i?2b2
?B;?2` KQH2+mH` r2B;?i S>b Kv HbQ 2tT2`B2M+2 bHQr2/ /2bQ`TiBQM 7`QK b2/BK2Mib
i?`Qm;? i?2 T`Q+2bb2b /Bb+mbb2/ BM b2+iBQM 9XRXk- bQ i?i i?2B` +QM+2Mi`iBQMb BM
TQ`2ri2` `2 p2`v HQr b Bb Q7i2M Q#b2`p2/ BM b2/BK2Mib (RR3)X
1[miBQM CX9 rb mb2/ iQ /2i2`KBM2 B7 MQM@/2TH2iBQM +`Bi2`B r2`2 K2iX 6Q` i?2
+QKTQmM/b /2i2+i2/ BM S1a 2t+i+ib- i?2 +H+mHi2/ pHm2b r2`2 HH BM i?2 Q`/2`
10−3−10−4 +QM}`KBM; MQMĜ/2TH2iBQMX
a2/BK2Mi +?`+i2`BbiB+b `2 ;Bp2M BM i#H2 9XNX h?2 b2/BK2Mib r2`2 +QMbB/2`2/ bM/v
;Bp2M i?i i?2 T2`+2Mi;2b Q7 bM/ i #Qi? bKTHBM; biiBQMb r2`2 ?B;?2` i?M i?Qb2
Q7 bBHi M/ +HvX hQiH Q`;MB+ +`#QM UhP*V rb RXyNW M/ RX9NW BM biiBQMb R M/
k- `2bT2+iBp2HvX hP* /i r2`2 +QMp2`i2/ iQ 7`+iBQM 7Q`K- vB2H/BM; 7`+iBQMb Q7
Ry9
h#H2 9XN, *?`+i2`BbiB+b Q7 b2/BK2Mib 7`QK bKTHBM; biiBQMb HQM; aQbBMB `Bp2`
aKTHBM; bBi2 am``QmM/BM; HM/ mb2
a2/BK2Mi i2tim`2 UW /XrV
hP*# UW /XrV Ua.+V
aBHi *Hv aM/
aiiBQM R m`#M- +QKK2`+BH RjXke RdX3d e3X3d RXyN UyXRRV
aiiBQM k m`#M- +QKK2`+BH RdXyR kkX9R eyX83 RX9N UyXR8V
 /`v r2B;?ic # iQiH Q`;MB+ +`#QMc + biM/`/ /2pBiBQMX
h#H2 9XRy, SQ`2ri2` M/ Q`;MB+ +`#QM MQ`KHBx2/ iQiH b2/BK2Mi +QM+2Mi`iBQMb
Q7 S>b BM aQbBMB `Bp2`
*QKTQmM/ MK2
CTr UM;fGV *b Uƒ;fF;hP*- /XrXV
aiiBQM R aiiBQM k aiiBQM R aiiBQM k
LT?i?H2M2 R8X8 Ǭ 9XR R9Xy Ǭ jXy NXe Ǭ jXe dXd Ǭ yXe
+2MT?i?vH2M2 eXj Ǭ yXy 8Xe Ǭ yXy yX8 Ǭ yXy yXR Ǭ yXy
+2MT?i?2M2 RkXy Ǭ yXy RkXy Ǭ yXy yXe Ǭ yXR yXk Ǭ yXy
6HmQ`2M2 RyXd Ǭ yXk NXk Ǭ yXy kXj Ǭ yXj RXy Ǭ yXR
S?2MMi?`2M2 eXj Ǭ yXR jXd Ǭ yXR eXe Ǭ yXN RX9 Ǭ yXd
Mi?`+2M2 8XN Ǭ yXk 8Xe Ǭ yXy RXy Ǭ yXR yX9 Ǭ yXk
6HmQ`Mi?2M2 8Xe Ǭ yXR 9XR Ǭ yXR yX3 Ǭ yXR yXj Ǭ yXR
Sv`2M2 eX3 Ǭ yXk 9X8 Ǭ yXy 8XN Ǭ yXj RXe Ǭ yXj
"2Mx()Mi?`+2M2 8X9 Ǭ yXR 8Xk Ǭ yXy RXN Ǭ yXy yXe Ǭ yXR
*?`vb2M2 kX8 Ǭ yXy kXj Ǭ yXy kXN Ǭ yXy yX3 Ǭ yX8
"2MxQ(#YF)~mQ`Mi?2M2 8X8 Ǭ yXy 8X9 Ǭ yXy kXe Ǭ yXj yXN Ǭ yXd
"2MxQ(2)Tv`2M2 IGPZ IGPZ RX8 Ǭ yXR yX8 Ǭ yX9
"2MxQ()Tv`2M2 IGPZ IGPZ RXk Ǭ yXe yX8 Ǭ yXj
S2`vH2M2 MX/X MX/X yX8 Ǭ yXR yXk Ǭ yXj
AM/2MQ(R-k-j@+/)Tv`2M2 MX/X MX/X I GPZ I GPZ
.B#2Mx(-?)Mi?`+2M2 MX/X MX/X MX/ MX/
"2MxQ(;?B)T2`vH2M2 MX/X MX/X I GPZ I GPZ
R@J2i?vHMT?i?H2M2 9Xj Ǭ yXR jXd Ǭ yXj 9Xj Ǭ yXk kXd Ǭ yXR
k@J2i?vHMT?i?H2M2 8Xk Ǭ yXR 9Xd Ǭ yX9 kXk Ǭ yXk RX9 Ǭ yXy
k-d@.BK2i?vHMT?i?H2M2 9X3 Ǭ yXk 9XR Ǭ yXy kXy Ǭ yXk yX3 Ǭ yXR
R-e-d@h`BK2i?vHMT?i?H2M2 NXj Ǭ yXR 3Xe Ǭ yXy RXj Ǭ yXk yXk Ǭ yXj
/XrX- /`v r2B;?ic MX/X- MQi /2i2+i2/c GPZ- HBKBi Q7 [mMiBiiBQMc  *b pHm2b `2  [mQiB2Mi Q7
p2`;2 iQiH +QM+2Mi`iBQMb 7`QK /mTHB+i2 K2bm`2K2Mib mbBM; /`v b2/BK2Mib- M/ 7 Q+X
Ry8
Q`;MB+ +`#QM U7 Q+V r?B+? r2`2 i?2M mb2/ iQ MQ`KHBx2 i?2 K2bm`2/ iQiH b2/BK2Mi
+QM+2Mi`iBQMbX _2bmHib `2 ;Bp2M BM i#H2 9XRyX
a2/BK2Mi +QM+2Mi`iBQMb r2`2 K`F2/Hv ?B;?2` i?M TQ`2ri2` +QM+2Mi`iBQMb T`Q#@
#Hv bBM+2 Cb r2`2 /2i2`KBM2/ #v /2TH2iBp2 K2i?Q/b M/ `2T`2b2Mi #Qi? #BQpBH#H2
M/ #QmM/ 7`+iBQMbX PM i?2 Qi?2` ?M/- CTr `2T`2b2Mib QMHv i?2 #BQpBH#H2 7`+@
iBQM- M/ 2bb2MiBHHv `2T`2b2Mib +?2KB+H +iBpBiv- i?2 /`BpBM; 7Q`+2 7Q` HH +?2KB+H
BMi2`+iBQMb rBi? b2/BK2MiĜbbQ+Bi2/ +QMiKBMMib bm+? b T`iBiBQMBM; iQ Q`;M@
BbKb- /BzmbBp2 2t+?M;2- M/ 2MpB`QMK2MiH `2+iBpBiv (33)X
9X9 6m;+Biv KQ/2HBM; Q7 b2/BK2MiĜri2` 2t+?M;2
9X9XR 6m;+Biv 7`+iBQMb M/ b2/BK2MiĜri2` ~mt2b
a2/BK2MiĜQp2`HvBM; ri2` 2t+?M;2 Q7 +QKTQmM/b rb 2biBKi2/ mbBM; i?2 a2/BK2Mi
JQ/2H (kd)X h?2 KQ/2HǶb +Q/2 rb `2@r`Bii2M BM 1t+2H iQ 2M#H2 /DmbiK2Mib r?2`2
TTHB+#H2X h?2 KQ/2H rb TTHB2/ iQ bBKmHi2 b2/BK2MiĜri2` ~mt2b Q7 S>b mbBM;
T?2MMi?`2M2- ~mQ`Mi?2M2 M/ Tv`2M2 b 2tKTH2bX h#H2 GXR ;Bp2b i?2 KQ/2H BMTmi
T`K2i2`b M/ i?2 QmiTmib `2 ;Bp2M BM i#H2b 9XRR- GXk M/ GXjX
6m;+Biv 7`+iBQMb i i?2 bbmK2/ MQM@bi2/v bii2 r2`2 8XjR- 8Xk9 M/ RRX8R 7Q`
T?2MMi?`2M2- ~mQ`Mi?2M2 M/ Tv`2M2- `2bT2+iBp2HvX aBM+2 i?2 7m;+Biv 7`+iBQMb
r2`2 ;`2i2` i?M QM2- i?2 b2/BK2Mib +i b  `2TQbBiQ`v 7Q` i?2b2 Q`;MB+ +QKTQmM/b
M/ T`Q##Hv 7Q` Qi?2`b rBi?BM i?2 bK2 KQr `M;2 Q` ;`2i2`X h?2`27Q`2- +?2KB+H
~mt2b b?QmH/ #2 7`QK b2/BK2Mib iQ i?2 ri2` T?b2 7Q` i?2b2 S>bX h?mb- BM //BiBQM
iQ Qi?2` MQMĜTQBMi bQm`+2 BMTmib- i?2 ?BbiQ`B+HHv +QMiKBMi2/ b2/BK2Mib +QmH/ +i
b  bQm`+2 iQ i?2 ri2` T?b2X
h?2 KQ/2H TTQ`iBQMb i?2 b2/BK2MiĜri2` KQp2K2Mi Q7  +?2KB+H iQ `2bmbT2MbBQM-
Rye
/2TQbBiBQM- #m`BH- `2+iBQM M/ /BzmbBQM (3N)X +imHHv- i?2 i`Mb72` Ti?rvb `2
Km+? #`Q/2`- M/ BM //BiBQM- Kv BMpQHp2 Qi?2` bBi2ĜbT2+B}+ T`Q+2bb2b bm+? b
2#mHHBiBQM- #BQim`#iBQM M/ ;`QmM/ri2` /Bb+?`;2 (3k)X h?2 KQ/2H b22Kb iQ HmKT
i?2b2 T`Q+2bb2b M/ KQ/2H i?2K iQ;2i?2` b /BzmbBp2 ~mtX h?2 BM~m2M+2 Q7 i?2
7Q`2K2MiBQM2/ i`Mb72` Ti?rvb `2 /2b+`B#2/ #v .ĜpHm2bX ./BzmbBQM rb +H+m@
Hi2/ b  T`Q/m+i Q7 i?2 b2/BK2MiĜri2` Kbb i`Mb72` +Q2{+B2Mi- i?2 mMBi `2 M/
w pHm2b 7Q` ri2`X HH i?2b2 T`K2i2`b r2`2 +QMbiMi bBM+2 wĜpHm2b 7Q` Qp2`HvBM;
ri2` M/ TQ`2ri2` r2`2 #Qi? +H+mHi2/ mbBM; i?2 >2M`vǶb Hr +QMbiMi b i?2 QMHv
T`K2i2`X h?mb- b2/BK2MiĜri2` M/ ri2`Ĝb2/BK2Mi ./BzmbBQM pHm2b r2`2 2[mH
7Q`  bBM;H2 +QKTQmM/ #mi /Bz2`2/ #2ir22M +QKTQmM/bX ./2TQbBiBQM rb +H+mHi2/
b  T`Q/m+i Q7 i?2 `2bT2+iBp2 :ĜpHm2 M/ i?2 wĜpHm2 7Q` iQiH bmbT2M/2/ bQHB/bX
.`2bmbT2MbBQM M/ .#m`BH r2`2 #Qi? +H+mHi2/ b  T`Q/m+i Q7 i?2 wĜpHm2 7Q` iQiH
b2/BK2Mi bQHB/b M/ i?2B` `2bT2+iBp2 :ĜpHm2bX .`2+iBQM rb +H+mHi2/ 7`QK i?2
pQHmK2 M/ wĜpHm2 7Q` b2/BK2Mib- M/ i?2 /2;`/iBQM ?H7ĜHB72 7Q` i?2 +QKTQmM/X
6Hmt2b r2`2 +H+mHi2/ b  T`Q/m+i Q7 .ĜpHm2b M/ 7m;+BiB2b- i?2M i?2v r2`2 HbQ
2tT`2bb2/ b  T2`+2Mi;2 Q7 M2i ri2`Ĝb2/BK2Mi i`Mb72` 7Q` #2ii2` mM/2`biM/BM; Q7
i?2 `2HiBp2 +QMi`B#miBQM Q7 2+? Ti?rv iQ i?2 Qp2`HH ~mtX 6Q` HH i?2 +QKTQmM/b-
b2/BK2MiĜri2` ~mt2b 2t+22/2/ i?2 ri2`Ĝb2/BK2Mi KQp2K2Mi BKTHvBM; i?i b2/@
BK2Mib +i b  bQm`+2 Q7 S>b iQ Qp2`HvBM; ri2` Ub22 i#H2b 9XRR- GXk M/GXjVX
6Q` T?2MMi?`2M2 M/ Tv`2M2- /2TQbBiBQM U≈ 100%V rb T`2/B+i2/ iQ #2 i?2 KBM
Ti?rv 7Q` HQbb2b 7`QK i?2 ri2` T?b2 bBM+2 i?2 +QKTQmM/b ?p2 HQr [m2Qmb
bQHm#BHBiB2b M/ ?B;? ?v/`QT?Q#B+Biv M/ i?2`27Q`2 T`iBiBQM T`272`#Hv iQ bmbT2M/2/
bQHB/bX 6Q` ~mQ`Mi?2M2- HQbb2b 7`QK i?2 ri2` T?b2 BMpQHp2/ /2TQbBiBQM UeeWV
M/ ri2`Ĝb2/BK2Mi /BzmbBQM Uj9WVX h?mb- /2TQbBiBQM rb i?2 KBM Ti?rv Q7
S> HQbb2b 7`QK ri2` #mi i?Bb T`Q+2bb /2T2M/b QM i?2 +QM+2Mi`iBQM Q7 bmbT2M/2/
bQHB/b- /2TQbBiBQM `i2b M/ ?v/`Q/vMKB+bX h?2 +QK#BM2/ `2+iBQM M/ #m`BH +QM@
i`B#mi2/ i?2 ;`2i2bi iQ HQbb2b 7`QK b2/BK2Mib bBM+2 i?2B` pHm2b r2`2 KQ`2 i?M









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































h?2 KQ/2H T`2/B+i2/ i?2 ?H7ĜHB72 7Q` b2/BK2Mi HQbb2b M/ i`Mb72` iQ #2 TT`QtB@
Ki2Hv yXRe- yXj3 M/ yXyR v` 7Q` T?2MMi?`2M2- ~mQ`Mi?2M2 M/ Tv`2M2- `2bT2+@
iBp2HvX h?Bb Q#b2`piBQM +M #2 ii`B#mi2/ iQ i?2 b?Q`i /2;`/iBQM ?H7@HB72 7Q`
i?2b2 S>b b +QKT`2/ iQ KQ`2 T2`bBbi2Mi +?2KB+Hb- 7Q` BMbiM+2 ..hX 6Q` HH
i?2 S>b- ?H7@HBp2b 7Q` ri2`Ĝb2/BK2Mi M/ b2/BK2MiĜri2` i`Mb72`b mM/2` bi2/v
bii2 +QM/BiBQMb r2`2 T`2/B+i2/ iQ #2 yXjNĜRXed v` M/ 9ĜRd v`- `2bT2+iBp2HvX h?2`2@
7Q`2- mM/2` +QMiBMmQmb MQMĜTQBMi bQm`+2 /Bb+?`;2 iQ i?2 `Bp2`- i?2 S>b rQmH/
[mB+FHv ++mKmHi2 BM i?2 b2/BK2Mi T?b2 r?2`2 i?2v rQmH/ /r2HH 7Q`  HQM;2` iBK2X
9X9Xk S`2/B+i2/ M/ 2tT2`BK2MiH *Tr M/ *r
h?2 KQ/2H HbQ +H+mHi2b 7`22Hv /BbbQHp2/ +QM+2Mi`iBQMb BM Qp2`HvBM; ri2` M/
TQ`2ri2` mbBM; i?2B` wĜpHm2b M/ `2bT2+iBp2 7m;+BiB2bX h#H2 9XRk b?Qrb K2bm`2/
M/ T`2/B+i2/ +QM+2Mi`iBQMb BM i?2 irQ bm#Ĝ+QKT`iK2MibX
h?2 KQ/2H T`2/B+i2/ CTr r?B+? r2`2 kĜdy ;`2i2` i?M K2bm`2/ +QM+2Mi`iBQMbX
Ai b?QmH/ #2 MQi2/- ?Qr2p2`- i?i i?2 `2HB#BHBiv Q7 i?2 T`2/B+iBQMb /2T2M/b QM i?2
++m`+v Q7 K2bm`2/ iQiH +QM+2Mi`iBQMb BM b2/BK2Mib M/ i?2 KQ+ pHm2 mb2/X
hFBM; Tv`2M2 b M 2tKTH2- T`2/B+i2/ CTr UM;fGV r2`2 dNX8j- RjX8R M/ R3Xkj
r?2M mbBM; KQ+ pHm2b 2biBKi2/ 7`QK i?2 E`B+F?QzǶb 2[miBQM- 2[miBQM kXkN- M/
i?2 +QH i`ĜG61_- `2bT2+iBp2HvX S`2/B+iBQMb 7Q` T?2MMi?`2M2 M/ ~mQ`Mi?2M2
mbBM; i?2 7Q`2K2MiBQM2/ KQ+ bQm`+2b HbQ 7QHHQr2/  bBKBH` Tii2`MX PM i?2 Qi?2`
?M/- 2tT2`BK2MiHCTr r2`2 HQr2` T`Q##Hv /m2 iQ bHQr2/ /2bQ`TiBQM b /Bb+mbb2/ BM
b2+iBQM 9XRXkX Ai Bb 2tT2+i2/ i?i 7Q` i?2 bK2 b2/BK2Mi M/ 2tT2`BK2MiH +QM/BiBQMb-
CTr Kv p`v r?2M mbBM; /Bz2`2Mi Sa.b /m2 iQ /Bz2`2M+2b BM T`iBiBQMBM; T`QT2`iB2b
#2ir22M /Bz2`2Mi ivT2b M/ bQm`+2b Q7 TQHvK2`b mb2/ b Sa.b (Ne)X
h?2 KQ/2H +H+mHi2b Cr mbBM; ri2` 7m;+Biv i?i Bb /2i2`KBM2/ 7`QK wĜpHm2b M/
+QM+2Mi`iBQM Q7 i?2 #mHF ri2` T?b2X wĜpHm2b `2 +H+mHi2/ mbBM; pQHmK2
RRy
h#H2 9XRk, 1tT2`BK2MiH M/ T`2/B+i2/ 7`22Hv /BbbQHp2/ +QM+2Mi`iBQMb BM Qp2`HvBM;
ri2` M/ TQ`2ri2`
*QKTQmM/ MK2 S`2/B+i2/ UM;fGV J2bm`2/ UM;fGV
Cr CTr Cr  CTr #
S?2MMi?`2M2 e3Xjd jejXyN NXdy 8Xyy
6HmQ`Mi?2M2 RXN3 RyXjd kXdy 9X38
Sv`2M2 eXNR dNX8j kX38 8Xe8
 `2T`2b2Mib M p2`;2 7`QK i?2 irQ bKTHBM; biiBQMb K2bm`2/ mbBM; a_c # HbQ `2T`2b2Mib
M p2`;2 7`QK i?2 irQ bKTHBM; biiBQMb K2bm`2/ mbBM; S1aX
7`+iBQMb Q7 ri2` M/ bmbT2M/2/ bQHB/b M/ bbQ+Bi2/ bm#Ĝ+QKTQM2MibX
h?2 #mHF T?b2 +QKT`Bb2b ri2` M/ bmbT2M/2/ bQHB/b M/ i?2 +QM+2Mi`iBQM Q7
i?2 Hii2` Bb M BMTmi iQ i?2 KQ/2H i?i Bb mb2/ iQ /2i2`KBM2 pQHmK2 7`+iBQMbX
_2HB#BHBiv Q7 bmbT2M/2/ bQHB/b K2bm`2K2Mi Bb i?2`27Q`2 BKTQ`iMi r?2M mbBM; i?2
KQ/2H iQ T`2/B+i *rX AM i?Bb bim/v- i?2 +QM+2Mi`iBQM Q7 bmbT2M/2/ bQHB/b rb M
p2`;2 7`QK K2bm`2K2Mib Q7 ri2` bKTH2b +QHH2+i2/ irB+2 Qp2`  jy / /m`iBQMX
h?Bb pHm2 Kv ?p2 #22M ?B;?2` i?M i?2 p2`;2 7Q` /BHv K2bm`2K2Mib Qp2`
i?2 jy / /m`iBQM- ?2M+2 i?2 HQr2` T`2/B+i2/ *rX PM i?2 Qi?2` ?M/- 2tT2`BK2MiH
Cr `2T`2b2Mib iBK2@r2B;?i2/ p2`;2 +QM+2Mi`iBQMb K2bm`2/ BM bBim +QMiBMmQmbHv
/m`BM; i?2 jy / /m`iBQM mbBM; a_X h?mb- 2tT2`BK2MiH Cr r2`2 +QMbB/2`2/  KQ`2
mi?2MiB+ `2T`2b2MiiBQM Q7 [m2Qmb +QM+2Mi`iBQMbX
9X9Xj JQ/2H b2MbBiBpBiv `2;`/BM; i?2 BMTmi T`K2i2`b
X 1z2+i Q7 KQ+ pHm2b QM T`2/B+i2/ 7m;+Biv 7`+iBQMb
KQ+ Bb M BKTQ`iMi T`K2i2` r?2M +QMbB/2`BM; i?2 7i2 Q7  >P* BM  `Bp2` bvbi2K
bBM+2 i?2 >P* T`272`#Hv T`iBiBQMb iQ i?2 Q`;MB+ T?b2 Q7 b2/BK2Mi bQHB/bX KQ+
RRR
Bb M BMTmi T`K2i2` BM 7i2 KQ/2Hb M/ +M #2 /2i2`KBM2/ 2tT2`BK2MiHHv Q`
2biBKi2/ mbBM; 2tBbiBM; 2[miBQMbX AM i?Bb bim/v- KQ+ pHm2b r2`2 2biBKi2/ mbBM;
i?2 E`B+F?QzǶb 2[miBQM- vB2H/BM; 7m;+Biv 7`+iBQMb Q7 8XjR- 8Xk9 M/ RRX8R 7Q`
T?2MMi?`2M2- ~mQ`Mi?2M2 M/ Tv`2M2- `2bT2+iBp2HvX KQ+ 2biBKi2/ 7`QK 2[miBQM
kXkN M/ i?2 +QH i`ĜG61_ r2`2 HbQ mb2/ BM +H+mHiBQMbX KQ+ pHm2b 7`QK #Qi?
2[miBQMb +mb2/ mM/2`ĜT`2/B+iBQM Q7 7m;+Biv 7`+iBQMb- i?i Bb- RXd8- kXNd M/ eXj9
7Q` T?2MMi?`2M2- ~mQ`Mi?2M2 M/ Tv`2M2- `2bT2+iBp2Hv- r?2M mbBM; 2[miBQM kXkN-
M/ kXk9- kXNR M/ 8XdR 7Q` T?2MMi?`2M2- ~mQ`Mi?2M2 M/ Tv`2M2- `2bT2+iBp2Hv-
r?2M mbBM; i?2 +QH i`ĜG61_X h?Bb HbQ +mb2/ M mM/2`ĜT`2/B+iBQM BM T`2/B+i2/
b2/BK2MiĜri2` ~mt2bX
"X 1z2+i Q7 p`BiBQM Q7 Qi?2` T`K2i2`b QM T`2/B+i2/ 7m;+Biv 7`+iBQMb
JQ/2H BMTmi T`K2i2`b i?i r2`2 bmb+2TiB#H2 iQ +?M;2b r2`2 i2bi2/ i?2Q`2iB+HHv-
QM2ĜiĜĜiBK2- iQ +?2+F i?2B` BM~m2M+2 QM KQ/2H QmiTmib- bT2+B}+HHv i?2 7m;+Biv
7`+iBQMX P7 i?2 BMTmi T`K2i2`b HBbi2/ BM i#H2 GXR- QMHv }p2 T`K2i2`b- MK2Hv-
+QM+2Mi`iBQM Q7 bmbT2M/2/ bQHB/b- iQiH +QM+2Mi`iBQMb BM ri2` M/ b2/BK2Mib M/
Kbb 7`+iBQM Q7 Q`;MB+ +`#QM BM bmbT2M/2/ bQHB/b M/ b2/BK2Mib bB;MB}+MiHv 7@
72+i2/ i?2 7m;+Biv 7`+iBQMX
AMTmi T`K2i2`b r2`2 p`B2/ Qp2`  `M;2 `2HiBp2 iQ i?2 ;Bp2M [mMiBiB2b i?2M i?2
pHm2b r2`2 THQii2/ ;BMbi `2bmHiMi 7m;+Biv 7`+iBQMbX 6Q` 2tKTH2- i?2 BM~m2M+2
Q7 p`BiBQMb BM Q`;MB+ +`#QM +QMi2Mi Q7 bmbT2M/2/ M/ b2/BK2Mi bQHB/b QM i?2
T`2/B+i2/ z rb i2bi2/ #v p`vBM; i?2 Kbb 7`+iBQM Q7 Q`;MB+ +`#QM Qp2`  9eĜTQBMi
`M;2 7`QK yX8W iQ 8XyW hP*X h?2 `2bmHib r2`2 i?i 7m;+Biv 7`+iBQMb BM+`2b2/
HBM2`Hv rBi? BM+`2b2 BM i?2 7`+iBQM Q7 Q`;MB+ +`#QM BM bmbT2M/2/ bQHB/b- M/ z
/2+`2b2/ 2tTQM2MiBHHv rBi? BM+`2b2 BM i?2 hP* 7`+iBQM BM b2/BK2Mi bQHB/bX h?2
BM~m2M+2 Q7 T`K2i2` p`BiBQMb QM z r2`2 MHvx2/ #v `2;`2bbBQM K2i?Q/b (RRe)X
_2bmHib `2 ;Bp2M BM i#H2 9XRjX
RRk
h?`22 T`K2i2`b p`B2/ HBM2`Hv rBi? z , +QM+2Mi`iBQM Q7 bmbT2M/2/ bQHB/b- Kbb
7`+iBQM Q7 hP* BM bmbT2M/2/ bQHB/b M/ iQiH +QM+2Mi`iBQM BM ri2` rBi? b2MbBiBpBiv-
+QMbB/2`2/ b i?2 bHQT2 Q7 i?2 `2;`2bbBQM HBM2- BM+`2bBM; BM i?i Q`/2`X h?2 p`BiBQM
Q7 +QM+2Mi`iBQM BM b2/BK2Mi M/ 7`+iBQM Q7 Q`;MB+ +`#QM BM b2/BK2Mi bQHB/b r2`2
}ii2/ rBi?  }7i? Q`/2` TQHvMQKBHX
9X9X9 *QM+Hm/BM; `2K`Fb
h?2 KQ/2H rb mb27mH BM T`2/B+iBM; b2/BK2MiĜri2` 2t+?M;2 Q7 S>bX Ai Bb bBKTH2
M/ 2bv iQ mM/2`biM/- mb2 M/ BMi2`T`2i bBM+2 i?2 mb2 Q7 7m;+Biv /B`2+iHv BM/B+i2b
?Qr +HQb2 i?2 bvbi2K Bb iQ 2[mBHB#`BmK- M/ r?B+? `2 i?2 /B`2+iBQMb Q7 i?2 /Bp2`b2
/BzmbBp2 i`Mb72` T`Q+2bb2b rBi?Qmi `2[mB`BM; T`iBiBQM +Q2{+B2Mib BM i?2 p`BQmb
~mt 2[miBQMb (Ny)X AM //BiBQM- i?2 KQ/2H rb #H2 iQ 2tTHBM HH i?2 KDQ` T`Q@
+2bb2b r?BH2 `2[mB`BM; HBiiH2 BMTmi r?B+? KF2b Bi `2HiBp2Hv +QMp2MB2MiX >Qr2p2`- Bib
T2`7Q`KM+2 `2HB2b QM ++m`i2 BMTmib M/ r?2`2 TTHB+#H2- i?2 BMTmi T`K2i2`b
b?QmH/ #2 /2i2`KBM2/ 2tT2`BK2MiHHvX
6B2H/ K2bm`2K2Mib `2T`2b2Mi i?2 2MpB`QMK2MiH bBimiBQM BM `2H iBK2 M/ +MMQi
h#H2 9XRj, _2;`2bbBQM 2[miBQMb T`Q/m+2/ r?2M T`2/B+i2/ 7m;+Biv 7`+iBQMb r2`2
THQii2/ ;BMbi p`vBM; pHm2b Q7 i?2 BMTmi T`K2i2`b
AMTmi T`K2i2` _2;`2bbBQM 2[miBQM _k
*QM+2Mi`iBQM Q7 haa y= 0.004x+0.095 RXyyyy
hQiH +QM+2Mi`iBQM BM ri2` y= 222x−21 yXN38e
6`+iBQM Q7 Q`;MB+ +`#QM BM haa y= 105x+0.095 RXyyyy
6`+iBQM Q7 Q`;MB+ +`#QM BM aa# y= (−8E+09)x5+(7E+08)x4− (2E+07)x3+
(4E+05)x2− (4E+03)x+18.7
yXNNNN
*QM+2Mi`iBQM BM b2/BK2Mi y= (−4E+06)x5+(2E+05)x4− (2E+03)x3+
(15.36)x2−0.05x+0.09
yXNNd9
 iQiH bmbT2M/2/ bQHB/bc # b2/BK2Mi bQHB/bX
RRj
i?2`27Q`2 #2 r?QHHv `2TH+2/ #v i?2Q`2iB+H T`2/B+iBQMbX >Qr2p2`- i?2 KQ/2H +M #2
mb2/ 7Q` BMbiM+2- r?2M THMMBM;  }2H/ +KTB;M- iQ #2ii2` 2tTHBM 2tT2`BK2MiH
pHm2b Q` r?2M THMMBM; KM;2K2Mi bi`i2;B2b bm+? b `2K2/BiBQM K2bm`2bX Aib
mb2 BM iM/2K rBi? TbbBp2 bKTHBM; rQmH/ #2 T`iB+mH`Hv ii`+iBp2 bBM+2 #Qi?





8XRXR .2p2HQTK2Mi Q7 S1a b  TbbBp2 bKTH2`
 TQHvK2`B+ Ki2`BH- S1a- rb BMp2biB;i2/ b  TQbbB#H2 bQ`#2Mi 7Q` S>b- S*"b
M/ P*SbX Aib mTiF2 M/ 2HBKBMiBQM FBM2iB+b r2`2 /2i2`KBM2/ BM ~QrĜi?`Qm;?
+HB#`iBQM 2tT2`BK2MibX h?2 2tT2`BK2Mib r2`2 +``B2/ Qmi i  i2KT2`im`2 M/
~Qr `i2 i?i rb bBKBH` iQ }2H/ pHm2bX h?2 7QHHQrBM; F2v }M/BM;b r2`2 K/2,
RX h?Qm;? i?2 S1a K2K#`M2 mb2/ rb ?v/`QT?BHB+- ?v/`QT?Q#B+ +QKTQmM/b
+QmH/ bQ`# BMiQ Bi rBi? HQr HBKBib Q7 [mMiBiiBQMX h?Bb Q#b2`piBQM rb i@
i`B#mi2/ iQ T`iBiBQMBM; iQ i?2 MQM@TQH` KQB2iB2b BM S1a M/fQ` 7pQm`#H2
MQM@HBM2` bQ`TiBQM iQ MMQpQB/b M/ mM`2Ht2/ 7`22 pQHmK2 `2;BQMbX
kX 6Q` KQbi +QKTQmM/b- mTiF2 `2KBM2/ BM i?2 HBM2` `M;2 7Q` i?2 +QKTH2i2
2tT2`BK2MiH /m`iBQMX h?Bb Q#b2`piBQM rb ii`B#mi2/ iQ i?2 TQbbB#H2 ?B;?
RR8
bQ`TiBQM +T+Biv Q7 S1a /m2 iQ i?2 Q++m``2M+2 Q7 #Qi? /BbbQHmiBQM bBi2b UKQ`@
T?Qmb `2;BQMbV M/ +QM/2Mb2/ ;Hbbv T?b2b UTQ`2bV `2bmHiBM; BM  ?B;?2` 7`22
pQHmK2 i?M `m##2`v TQHvK2`b- M/  bHQr2` BMi`T`iB+H2 /BzmbBQM T`Q+2bbX
Ai rb HbQ TQbimHi2/ i?i ~2tB#BHBiv Q7 i?2 TQHvK2` +?BMb BM i?2 T`2b2M+2 Q7
 bQ`#i2 +QmH/ HbQ #2 BM/m+2/ #v TQbbB#H2 THbiB+BxiBQM #v ri2` QrBM; iQ
i?2 r2ii#BHBiv Q7 i?2 TQHvK2`X
jX lTiF2 +m`p2b 7Q` S>b r2`2 HBM2` 7Q` RyĜRk / #27Q`2 +QM+2Mi`iBQMb #2+K2
7B`Hv +QMbiMi Q` /2+`2b2/ bHB;?iHvX AM //BiBQM- bQ`#2/ KQmMib Q7 S>b
/2+`2b2/ rBi? BM+`2b2 BM KQH2+mH` KbbX h?2 Q#b2`piBQMb r2`2 ii`B#mi2/
iQ i?2 bHQr T`Q+2bb Q7 BMi`T`iB+H2 /BzmbBQM +QmTH2/ rBi? bi2`B+ ?BM/`M+2
i i?2 TQ`2 QT2MBM;b `2bmHiBM; 7`QK i?2 bBx2 M/ b?T2 Q7 KQH2+mH2b- bQ i?i
bQ`TiBQM Kv ?p2 HBKBi2/ iQ i?2 bm`7+2X
9X AMi`T`iB+H2 /BzmbBQM BM S1a rb +QM}`K2/X lbBM; 2[miBQMb kXkj M/ kXk9-
i?2 7mM+iBQM 7Q` BMi`T`iB+H2 /BzmbBQM- K- `M;2/ 7`QK 0.5<m< 0.8 7Q` KQbi
+QKTQmM/b M/ i?2B` * pHm2b r2`2 bB;MB}+MiHv /Bz2`2Mi 7`QK x2`Q Up <
0.002V- BKTHvBM; i?i bQ`TiBQM rb +QMi`QHH2/ #v #Qi? }`biĜQ`/2` FBM2iB+b M/
BMi`T`iB+H2 /BzmbBQMX 6Q` bQK2 +QKTQmM/b- m≤ 0.5 M/ i?2B` * pHm2b r2`2
MQi bB;MB}+MiHv /Bz2`2Mi 7`QK x2`Q Up > 0.002V- b?QrBM; i?i BMi`T`iB+H2
/BzmbBQM Bb i?2 QMHv `i2ĜHBKBiBM; T`Q+2bbX 6Q` S*" 8k- m ≈ 1.0 bm;;2biBM;
i?i bQ`TiBQM rb +QMi`QHH2/ #v }`bi Q`/2` FBM2iB+bX 6Q` ..sb- K pHm2b /B/
MQi p`v Km+? #2ir22M +QKTQmM/b Um = 0.64±0.03V #mi r2`2 bHB;?iHv HQr2`
7Q` i?2 Q`i?QĜT` bm#biBimi2/ K2K#2`b i?M i?2 T`ĜT` bm#biBimi2/X
8X LQ +Q``2HiBQM UR2 = 0.01V rb 7QmM/ #2ir22M i?2 BMi`T`iB+H2 /BzmbBQM +Q@
2{+B2Mi- HQ; FB/- M/ HQ; EQrb UbHQT24yXykV Q` KQH` Kbb2b UbHQT24@yXy9V-
b?QrBM; i?i ;2M2`HHv- bQ`TiBQM rb BM/2T2M/2Mi Q7 ?v/`QT?Q#B+Biv Q` KQH`
KbbX oHm2b Q7 FB/ 7Q` S>b b?Qr2/ ;`2i2` p`BiBQM ii`B#mi2/ iQ bi2`B+ ?BM@
RRe
/`M+2X h?Qb2 Q7 S*"b `2/m+2/ bHB;?iHv rBi? BM+`2b2 BM KQH` Kbb- 2t+2Ti
7Q` S*" 8k- r?Qb2 MQKHQmb #2?pBQm` +QmH/ MQi #2 ii`B#mi2/ iQ THM`Biv
Q` KQH2+mH` r2B;?iX h?Qb2 Q7 ..sb /B/ MQi p`v Km+? M/ b?Qr2/ MQ bT2@
+B}+ Tii2`M #2ir22M i?2 +QKTQmM/bX Ai rb +QM+Hm/2/ i?i +?2KB+H mTiF2
BM S1a Bb ;2M2`HHv MQM@bT2+B}+ M/ Kv QMHv #2 HBKBi2/ #v i?2 KQ/2b Q7
BMi2`+iBQM Q7  ;Bp2M +?2KB+H rBi? i?2 K2K#`M2X
eX :Bp2M i?2 TQ`Qmb M/ ;Hbbv Mim`2 Q7 S1a- i?2 Q++m``2M+2 Q7 i?2 bHQr T`Q@
+2bb Q7 BMi`T`iB+H2 /BzmbBQM- M/ i?2 ;2M2`HHv HBM2` mTiF2 +m`p2b- Bi rb
+QM+Hm/2/ i?i S1a T`Q##Hv ?b  ?B;? +T+Biv 7Q` i?2 >P*b- BM r?B+? +b2
i`m2 2[mBHB#`BmK Kv MQi #2 iiBM2/ rBi?BM i?2 T`+iB+H iBK2 b+H2 Q7 M
2tT2`BK2MiH b2iĜmT Q` b?Q`iĜi2`K }2H/ /2THQvK2MiX [m2Qmb +QM+2Mi`iBQMb
Kv i?2`27Q`2 #2 2biBKi2/ mbBM; 2[miBQM kXR3X
dX MBbQi`QTv rb Q#b2`p2/ #2ir22M mTiF2 M/ 2HBKBMiBQM +m`p2b Q7 BM/BpB/mH
+QKTQmM/b Q`  +QKTQmM/ M/ M MHQ;Qmb S_*X h?Bb rb ii`B#mi2/ iQ
/Bz2`2Mi K2+?MBbiB+ Ti?rvb 7Q` bQ`TiBQM M/ /2bQ`TiBQM bm+? i?i i?2 T`Q@
+2bb2b Kv Q++m` iQf7`QK /Bz2`2Mi KB+`Q2MpB`QMK2MibX //BiBQMHHv- MBbQi`QTv
rb ii`B#mi2/ iQ TQbbB#H2 +TBHH`v +QM/2MbiBQM BM pQB/b- TQ`2 /27Q`K@
iBQMf`2Q`;MBxiBQM #v i?2 bQ`#i2b-  +QM/BiBQMBM; 2z2+i-  `2/m+2/ `2HtiBQM
bT22/ Q7 TQHvK2` +?BMb QrBM; iQ i?2 `B;B/Biv Q7 i?2 TQHvK2` bi`m+im`2- M/
/Bz2`2M+2b BM FBM2iB+ 2M2`;v 7Q` bQ`TiBQM M/ /2bQ`TiBQMX
3X MBbQi`QTv BM mTiF2 Q7  +QKTQmM/ p2`bmb i?2 `2H2b2 Q7 M MHQ;Qmb S_*
/2KQMbi`i2/ i?2 mMbmBi#BHBiv Q7 S_*b 7Q` /2i2`KBMiBQM Q7 BM bBim bKTHBM;
`i2bX aKTHBM; `i2b ?p2 iQ /2i2`KBM2/ mbBM; FBM2iB+ 2tT2`BK2Mib i }2H/
+QM/BiBQMb Q` bKTHBM; i b?Q`i iBK2 BMi2`pHb BM i?2 }2H/X
1biBKi2/ bKTHBM; `i2b r2`2 +Q``2Hi2/ iQ +QKTQmM/ T`QT2`iB2b #v HBM2` `2;`2b@
bBQM Q7 i?2 HQ;`Bi?KB+ pHm2bX h?2 7QHHQrBM; F2v }M/BM;b r2`2 K/2,
RRd
RX :2M2`HHv- bKTHBM; `i2b ?/ TQQ` +Q``2HiBQM iQ #Qi? ?v/`QT?Q#B+Biv Ulog Rs
= 0.02 log Kow + 0.54, R2 = 0.00V M/ KQH` Kbb Ulog Rs = −0.26 log M +
1.25, R2 = 0.02VX h?Bb BM/B+i2b i?i ?v/`QT?Q#B+ BMi2`+iBQMb `2 MQi i?2
T`BKH K2+?MBbK ;Qp2`MBM; i?2 mTiF2 Q7 >P*b 7`QK i?2 [m2Qmb T?b2
QMiQ S1a- M/ Bi Bb TQbbB#H2 i?i Qi?2` K2+?MBbKb bm+? b π −π BMi2`+iBQMb
#2ir22M i?2 `QKiB+ `BM;b Q7 i?2 >P*b M/ S1a M/ ?v/`Q;2M #QM/BM;
i?`Qm;? i?2 TQH` bmH7QMvH ;`QmTb `2 BMpQHp2/ BM i?2 mTiF2 T`Q+2bbX
kX p2`;2 TT`2Mi HQ; KTr 7Q` i?2 jR +QKTQmM/b mM/2` BMp2biB;iBQM rb
eX83GfF; ± yXkN HQ; mMBibX h?2 bKHH p`BiBQM BM HQ; KTr BKTHB2b i?i mT@
iF2 BM S1a Bb ;2M2`HHv MQMĜbT2+B}+X h?2 TT`2Mi KTr pHm2b HbQ ?/ MQ
+Q``2HiBQM iQ ?v/`QT?Q#B+Biv M/ KQH` KbbX
jX h?2 `QH2 Q7 K2+?MBbKb Qi?2` i?M ?v/`QT?Q#B+Biv BM i?2 mTiF2 T`Q+2bb rb
/2i2`KBM2/ #v MQ`KHBxBM; Rb pHm2b rBi? M@?2t/2+M2Ĝri2` T`iBiBQM +Q@
2{+B2MibX :2M2`HHv- MQ`KHBx2/ Rb +Q``2Hi2/ HBM2`Hv rBi? HQ;b Q7 KQH`
Kbb2b Uy = −9.04x+ 16.43- R2 = 0.93, s= 0.35, n= 29VX LQ`KHBx2/ Rb 7Q`
S>b r2`2 #2bi }ii2/ mbBM;  b2+QM/ Q`/2` TQHvMQKBH- M/ b?Qr2/  /QrM@
r`/ +m`pim`2 i ?B;?2` KQH` Kbb- bm;;2biBM; i?2 Q++m``2M+2 Q7 `2bBbiM+2
iQ bQ`TiBQM BM S1a /m2 iQ bi2`B+ ?BM/`M+2X h?Qb2 Q7 S*"b /2+`2b2/ bi`B+iHv
rBi? BM+`2bBM; Kbb Uy = −10.44x+ 20.06- R2 = 0.99, n= 6V r?BH2 i?Qb2 Q7
..hb ?/  TQQ`2` HBM2` }i Uy =−15.46x+32.53- R2 = 0.48, n= 6VX π −πĜ
BMi2`+iBQM rb bm;;2bi2/ b  K2+?MBbK 7Q` +?2KB+H U/VbQ`TiBQM iQ S1a
bm`7+2- M/ TQ`2 M/ Ki`Bt /BzmbBQM 7Q` T2M2i`iBQM BMiQ i?2 TQHvK2`X LQ`@
KHBx2/ Rb 7Q` irQ +QKTQmM/b UK2i?Qtv+?HQ` M/ ""SV ?/ HQ; _b-MQ`KXĜHQ;M
}ib i?i r2`2 /BbiBM;mBb?#H2 7`QK i?2 `2bi- BKTHvBM; i?2B` mTiF2 K2+?MBbKb
/Bz2` 7`QK i?i Q7 i?2 Qi?2` +QKTQmM/b- TQbbB#Hv /m2 iQ i?2 PĜ+QMiBMBM;
KQB2iB2b BM i?2B` bi`m+im`2 i?i +QmH/ T`iB+BTi2 BM ?v/`Q;2M #QM/BM;X
RR3
8XRXk 6B2H/ TTHB+iBQM Q7 S1a M/ a_
S1a rb HbQ /2THQv2/ BM  i`QTB+H `Bp2` BM T`HH2H iQ a_ iQ KQMBiQ` 7Q` S>b-
S*"b M/ P*Sb QM  +QKT`iBp2 #bBbX 6Q` S1a- 7`22Hv /BbbQHp2/ +QM+2Mi`iBQMb
r2`2 +H+mHi2/ mbBM; bQ`#2/ KQmMib M/ 2tT2`BK2MiH Rb pHm2bX 6`22Hv /BbbQHp2/
+QM+2Mi`iBQMb K2bm`2/ mbBM; a_ r2`2 /2i2`KBM2/ mbBM; bQ`#2/ KQmMib- KTr pH@
m2b Q#iBM2/ 7`QK HBi2`im`2 (R9d)- M/ Rb i?i r2`2 /2i2`KBM2/ BM bBim mbBM; S_*bX
h?2 KDQ` Qmi+QK2b Q7 i?2 }2H/ /2THQvK2Mi +M #2 bmKK`Bx2/ b 7QHHQrb,
RX PMHv S>b r2`2 /2i2+i2/ #v #Qi? bQ`#2MibX //BiBQMHHv- Qi?2` +QKTQmM/b
7`QK  HQ; KQr `M;2 Q7 jX3Ĝ8Xy U2X;X /BxBMQM- +?HQ`Tv`B7QbV r2`2 B/2MiB}2/ BM
 MQM@i`;2i b+`22MBM; Q7 S1a 2ti`+ibX
kX S_*Ĝ/2`Bp2/ bKTHBM; `i2b 7Q` a_ +Q``2Hi2/ HBM2`Hv iQ T`iBiBQM +Q2{+B2Mib
URb = K−0.048pw b◦, R2 = 0.98V- M/ ?v/`QT?Q#B+Biv URb = K−0.047ow b◦, R2 = 0.98V
b `2TQ`i2/ BM HBi2`im`2 7Q` mTiF2 i?i Bb +QMi`QHH2/ #v i?2 ri2` #QmM/`v
Hv2` (Rk9- Rjk)X
jX Rb 7Q` a_ p`B2b rBi? .r b /2b+`B#2/ #v i?2 ?v/`Q/vMKB+ i?2Q`v ;Bp2M b,
Rb = AFD
2/3
w X .Bz2`2Mi 2[miBQMb r2`2 mb2/ iQ T`2/B+i KQH2+mH` /BzmbBpBiv
BM ri2` M/ i?2 +H+mHi2/ pHm2b r2`2 +Q``2Hi2/ iQ S_*Ĝ/2`Bp2/ bKTHBM;
`i2b mbBM; i?2 7Q`2K2MiBQM2/ 2[miBQMX _2bmHiMi bHQT2b `M;2/ 7`QK yX8e
iQ yXN8X h?2 #2bi }i UbHQT2 4 yXeNV rb Q#iBM2/ mbBM; Dr pHm2b /2`Bp2/ 7`QK
i?2 2[miBQM #v a+?r`x2M#+? 2i HX (R9y)X 6B2H/Ĝ/2i2`KBM2/ bKTHBM; `i2b
r2`2 #2bi }ii2/ iQ T`2/B+i2/ Rb pHm2b i?i r2`2 2biBKi2/ mbBM; 2[miBQM 9Xd
M/ ri2` /BzmbBpBiB2b i?i r2`2 +H+mHi2/ mbBM; i?2 2[miBQM T`QTQb2/ #v
a+?r`x2M#+? 2i HX (R9y)X
9X "v MQ`KHBxiBQM Q7 i?2 bQ`#2/ KQmMib iQ Ryy +Kk- S1a b?Qr2/ ;`2i2` bQ`T@
iBQM 7Q` i?2 HQr2` KQH2+mH` r2B;?i S>b i?M a_X h?Bb Q#b2`piBQM rb i@
RRN
i`B#mi2/ iQ i?2 ?B;?2` bQ`TiBQM +T+Biv Q7 S1a /m2 iQ H`;2` 7`22 pQHmK2
QrBM; iQ i?2 T`2b2M+2 Q7 #Qi? KQ`T?Qmb M/ +QM/2Mb2/ UTQ`2bV `2;BQMbX b
 `2bmHi- bQ`#2/ KQmMib BM S1a Kv 2t+22/ Q` 2[mi2 iQ i?Qb2 BM a_ /2bTBi2
HQr2` /BzmbBpBiv BM S1a /m2 iQ BMi`T`iB+H2 /BzmbBQMX
8X S_*b +QmH/ #2 TTHB2/ BM /2i2`KBMBM; BM bBim bKTHBM; `i2b 7Q` a_ /m2 iQ
i?2 BbQi`QTB+ 2t+?M;2 BM bQ`TiBQM Q7  +QKTQmM/ M/ i?2 /2bQ`TiBQM Q7 M
MHQ;Qmb S_*X b H`2/v K2MiBQM2/- i?Bb 2t+?M;2 rb MBbQi`QTB+ 7Q` S1a-
i?mb S_*b r2`2 mMbmBi#H2 7Q` /2i2`KBMiBQM Q7 BM bBim bKTHBM; `i2bX
eX ""S- ."S M/ .1>S BM `Bp2` ri2` r2`2 /2i2`KBM2/ mbBM; S1a M/ a_ M/
`2TQ`i2/ b bQ`#2/ +QM+2Mi`iBQMbX h?2 mb2 Q7 }2H/ M/ H#Q`iQ`v #HMFb rb
M2+2bb`v /m2 iQ i?2 ?B;? i2M/2M+v 7Q` +`QbbĜ+QMiKBMiBQM /m`BM; T`Q+2bb@
BM; ;Bp2M i?i T?i?Hi2b `2 m#B[mBiQmb BM i?2 2MpB`QMK2MiX AM bQK2 +b2b-
+QM+2Mi`iBQMb BM #HMFb r2`2 ?B;?2` i?M i?i BM bKTH2`b- 2bT2+BHHv rBi?
."S b 2pB/2M+2/ #v TQQ` +Q2{+B2Mib Q7 +Q``2HiBQM UR9dWV #2ir22M `2THB@
+i2 K2bm`2K2MibX ""S ?/ i?2 H2bi i2M/2M+v 7Q` +`QbbĜ+QMiKBMiBQMX
_2TQ`i2/ +QM+2Mi`iBQMb `2T`2b2Mi #HMFĜ+Q``2+i2/ pHm2b M/ `M;2/ 7`QK
kjXNĜR898Xj M;fRyy +Kk S1a M/ yXyĜRNdyXN M;fRyy +Kk a_X
dX S1a `2[mB`2/ bB;MB}+MiHv H2bb iBK2 M/ bQHp2Mi /m`BM; T`2T`iBQM M/ 2ti`+@
iBQM i?M a_X >Qr2p2`- a_ rb KQ`2 `2bBHB2Mi M/ +QmH/ rBi?biM/ #`bBQMX
S1a rb /2HB+i2 M/ ?/ iQ #2 /2THQv2/ BM rB`2 K2b?2bX
8XRXj *QM+2Mi`iBQMb Q7 S>b BM b2/BK2Mib M/ TQ`2ri2`
RX hP* M/ b2/BK2Mi +?`+i2`BbiB+b r2`2 /2i2`KBM2/ 2tT2`BK2MiHHvX hP* UW
/XrV r2`2 RXyN M/ RX9N BM i?2 irQ biiBQMb `2bT2+iBp2HvX a2/BK2Mib r2`2
2ti`+i2/ #v ++2H2`i2/ bQHp2Mi 2ti`+iBQM M/ MHvx2/ 7Q` S>bX h?2 +QM@
Rky
+2Mi`iBQMb r2`2 MQ`KHBx2/ rBi? hP*X *QM+2Mi`iBQMb `M;2/ 7`QK #2HQr /2@
i2+iBQM HBKBi 7Q` i?2 ?B;?2` KQH2+mH` r2B;?i K2K#2`b iQ NXe ƒ;fF;UhP*- /XrV
7Q` MT?i?H2M2X
kX S1a bi`BTb r2`2 2[mBHB#`i2/ rBi? TQ`2ri2` BM +QMiKBMi2/ b2/BK2MibX h?2
S1a bi`BTb r2`2 2ti`+i2/ M/ MHvx2/ iQ vB2H/ TQ`2ri2` +QM+2Mi`iBQMb
`M;BM; 7`QK #2HQr /2i2+iBQM HBKBi 7Q` i?2 ?B;?2` KQH2+mH` r2B;?i K2K#2`b
iQ R8X8 M;fG 7Q` MT?i?H2M2X HFvH MT?i?H2M2b M/ T`2Mi S>b mTiQ
#2MxQ(#YF)~mQ`Mi?2M2 r2`2 /2i2+i2/X
8XRX9 6m;+Biv KQ/2HBM; Q7 b2/BK2MiĜri2` ~mt2b
RX  b2/BK2Mi KQ/2H (kd) rb mb2/ iQ 2biBKi2 i?2 b2/BK2MiĜri2` i`Mb72` Q7
S>bX 6m;+Biv `iBQb r2`2 ;`2i2` i?M mMBiv M/ b2/BK2MiĜri2` ~mt2b
2t+22/2/ ri2`Ĝb2/BK2Mi ~mt2b BKTHvBM; i?i b2/BK2Mib +i b  bQm`+2 Q7
S>b iQ bm`7+2 ri2`X .2TQbBiBQM Q7 bmbT2M/2/ bQHB/b rb 7QmM/ iQ #2 i?2
KBM Ti?rv 7Q` S> HQbb2b 7`QK i?2 ri2` T?b2X PM i?2 Qi?2` ?M/-
`2+iBQM M/ #m`BH Q7 b2/BK2Mi bQHB/b r2`2 7QmM/ iQ #2 i?2 KDQ` HQbb Ti?rvb
7`QK b2/BK2MibX Ai rb +QM+Hm/2/ i?i i?2 KQ/2H Bb  mb27mH iQQH BM T`2/B+iBM;
b2/BK2MiĜri2` ~mt2b 2bT2+BHHv r?2M i?2 BMTmi T`K2i2`b `2 /2i2`KBM2/
2tT2`BK2MiHHv r?2`2 TQbbB#H2X
kX S`2/B+i2/CTr r?B+? r2`2 kĜdy ;`2i2` i?M K2bm`2/ +QM+2Mi`iBQMb M/ r2`2
7QmM/ iQ #2 b2MbBiBp2 iQ i?2 KQ+ pHm2 mb2/ BM +H+mHiBQMX S`2/B+i2/ Cr rb
b2p2M M/ irQ iBK2b ?B;?2` i?M K2bm`2/ +QM+2Mi`iBQMb 7Q` T?2MMi?`2M2
M/ Tv`2M2- `2bT2+iBp2HvX h?2`2 rb MQ bB;MB}+Mi /Bz2`2M+2 BM K2bm`2/ M/
T`2/B+i2/ Cr 7Q` ~mQ`Mi?2M2X
RkR
8Xk *QM+HmbBQM
SbbBp2 bKTHBM; Bb  mb27mH iQQH i?i +M 2z2+iBp2Hv bb2bb i?2 TQHHmiBQM biimb Q7
bm`7+2 ri2`b i i`+2 +QM+2Mi`iBQM H2p2Hb M/ i?2`27Q`2 b2`p2b b M 2`Hv r`MBM;
bvbi2KX AM pB2r Q7 ;HQ#H 2MpB`QMK2MiH bb2bbK2Mi- i?Bb `2b2`+? /2KQMbi`i2/
i?i TbbBp2 bKTHBM; b  bm`7+2 ri2` KQMBiQ`BM; M/ bb2bbK2Mi iQQH Bb TTHB+@
#H2 2p2M BM `2KQi2 `2;BQMb rBi? TQQ` BM7`bi`m+im`2 M/ p`B2/ +HBKiB+ M/ ?v/`mHB+
+QM/BiBQMbX SbbBp2 bKTHBM; Qz2`b KMv /pMi;2b Qp2` +QMp2MiBQMH KQMBiQ`BM;
TT`Q+?2bX aT2+B}+HHv BM i?2b2 `2;BQMb- i?Bb KQMBiQ`BM; TT`Q+? Bb 2bB2` iQ BK@
TH2K2Mi b Bi `2/m+2b i?2 BKTHB2/ +Qbib 2bT2+BHHv r?2M +?2T TQHvK2`B+ bQ`#2Mib
`2 mb2/X hrQ F2v ii`+iBQMb `2 i?2 /`biB+ `2/m+iBQM BM i`MbTQ`i +Qbib i?i
rQmH/ #2 ?B;? r?2M mbBM; +QMp2MiBQMH KQMBiQ`BM; T`Q+2/m`2b- M/ i?2 TQbbB#BHBiv
iQ biQ`2 i?2 mb2/ bQ`#2Mi Ki2`BHb 7Q`  HQM;2` /m`iBQM r?B+? BKTHB2b i?i BM i?2
#b2M+2 Q7  H#Q`iQ`v BM i?2 pB+BMBiv Q7 i?2 bKTHBM; HQ+iBQM- i?2b2 bQ`#2Mib +M
#2 i`MbTQ`i2/ 2Hb2r?2`2 7Q` MHvbBbX
aQK2 TbbBp2 bKTHBM; /2pB+2b `2 r2HH /2p2HQT2/ M/ TTHB2/ r?BH2 bQK2 `2 biBHH
mM/2` /2p2HQTK2Mi BM i2`Kb Q7 i?2B` rQ`FBM; T`BM+BTH2b M/fQ` TTHB+iBQMbX aBHB+QM2
`m##2` Bb M 2tKTH2 Q7  r2HH /2p2HQT2/ bKTH2` M/ rb TTHB2/ BM i?Bb bim/v rBi?
bm++2bb M/ `2T`Q/m+B#BHBiv 2[mHHBM; i?i `2TQ`i2/ BM HBi2`im`2 QM Bib TTHB+iBQM BM
p`BQmb T`ib Q7 i?2 rQ`H/X Aib /pMi;2b `2 p2`biBHBiv M/ `Q#mbiM2bbX h?2 ;`2i@
2bi /Bb/pMi;2 HB2b BM i?2 T`2Ĝ+H2MBM; bi2T i?i Bb iBK2Ĝ M/ bQHp2MiĜ+QMbmKBM;X
h?Bb bi2T +M #2 +B`+mKp2Mi2/ #v pBH#BHBiv Q7 +QKK2`+BHBb2/ T`2Ĝ+H2M2/ b?22ibX
h?2`2 `2 72r HBi2`im`2 `2TQ`ib QM TTHB+iBQM Q7 S1a b  bKTH2`X >Qr2p2`- Bib
mTiF2 FBM2iB+b `2 biBHH MQi +H2`X h?Bb `2b2`+? ii2KTi2/ iQ +HQb2 i?2 FMQrH2/;2
;T #v bb2bbBM; i?2 mTiF2 FBM2iB+b M/ F2v T`QT2`iB2b Q7 S1a 7Q` S>b- S*"b
M/ P*SbX S1a rb 7QmM/ iQ #2  MQM@b2H2+iBp2 bQ`#2Mi 7Q` i?2b2 +QKTQmM/b M/
T2`7Q`K2/ 2[mHHv iQ i?2 r2HH iQ a_ r?2M TTHB2/ BM i?2 }2H/X L2p2`i?2H2bb- i?2
Rkk
}M/BM;b 7`QK i?Bb bim/v- BM //BiBQM iQ HBi2`im`2 `2TQ`ib- +MMQi 2M/2` S1a b
 r2HH /2p2HQT2/ bKTH2` i i?2 KQK2Mi- ;Bp2M i?i Bib mTiF2 FBM2iB+b /Bz2` 7`QK
i?Qb2 Q7 KQbi r2HH /2p2HQT2/ bKTH2`b HBF2 aSJ. M/ a_X EMQrH2/;2 ;Tb biBHH 2tBbi
r?B+? +M #2 bm#D2+i 7Q` 7m`i?2` `2b2`+?X h?2b2 BM+Hm/2,
Ç .2i2`KBMiBQM Q7 i?2 bQ`TiBQM +T+Biv Q7 S1a ;Bp2M i?i Bi Bb  MQMĜbT2+B}+
bQ`#2Mi 7Q` #Qi? TQH` M/ MQMTQH` +QKTQmM/bX "2bB/2b TbbBp2 bKTHBM;-
S1a HbQ }M/b mb2 BM }Hi`iBQM K2K#`M2b M/ Bi Bb BMi2`2biBM; iQ BMp2biB;i2
i?2 bQ`TiBQM +T+Biv M/ #`2Fi?`Qm;? TQBMib bQ i?i #Qi? Bib 2{+B2M+v BM
Tm`B7vBM; ri2` M/ i?2 /m`iBQM rBi?BM r?B+? Bi +M T2`7Q`K i?2b2 7mM+iBQMb
7mHHv +M #2 FMQrMX
Ç 6m`i?2` BMp2biB;iBQM BMiQ i?2 mTiF2 K2+?MBbKb- 2bT2+BHHv i?2 K2K#`M2Ĝ
+QKTQmM/ T`QT2`iB2b i?i /`Bp2b mTiF2 bQ i?i  ;2M2`H bQ`TiBQM KQ/2H
+M #2 /`rMX :Bp2M i?i S1a Bb mbmHHv mb2/ b  mTiF2 `i2ĜHBKBi2` BM
SP*Aa- /2i2`KBMiBQM Q7 K2K#`M2Ĝ+QKTQmM/ BMi2`+iBQMb rBHH HbQ #2 mb27mH
BM 2Hm+B/iBM; #m`bi M/ H; 2z2+ib- M/ i?2 bmBi#BHBiv S1aĜ2M+HQb2/ SP*Aa
7Q` bKTHBM; p`BQmb +QKTQmM/bX
Ç 6m`i?2` BMp2biB;iBQM BMiQ i?2 +mb2b Q7 MBbQi`QTv #2ir22M mTiF2 M/ /2bQ`T@
iBQM +m`p2b #v 7Q+mbbBM; QM +?2KB+H BMi2`+iBQM rBi? S1a mbBM; Qi?2` K2i?Q/b
HBF2 bT2+i`Qb+QTvX
Ç .2i2`KBMiBQM Q7 /BzmbBQM +Q2{+B2Mib Q7 +QKTQmM/b BM r2i S1a M/ T`iBiBQM
+Q2{+B2Mib #2ir22M S1a M/ ri2`X
AM //BiBQM- TbbBp2 bKTH2`b +M #2 mb2/ iQ KQMBiQ` >P*b BM TQ`2ri2`X h?2
K2bm`2/ +QM+2Mi`iBQMb `2T`2b2Mi #BQpBH#H2 7`+iBQMb i?i `2 K2M#H2 7Q` /B7@
7mbBQM- mTiF2 #v #2Mi?B+ Q`;MBbKb M/ /2;`/iBQMX S1a rb mb2/ BM i?Bb bim/v iQ
K2bm`2 +QM+2Mi`iBQMb Q7 S>bX h?2 mb2 Q7 TbbBp2 bKTH2`b iQ /2i2`KBM2 TQ`2r@
Rkj
i2` +QM+2Mi`iBQMb Bb biBHH i BM7M+v M/ i?Bb QT2Mb p2Mm2b 7Q` 7m`i?2` /2p2HQTK2MiX
JQbi Q7 i?2 bim/B2b `2 +``B2/ Qmi 2t bBim /m2 iQ HQM; 2[mBHB#`iBQM iBK2b BM i?2 }2H/X
Ai rQmH/ #2 BMi2`2biBM; iQ /2p2HQT p2`biBH2 TbbBp2 bKTH2`b rBi? b?Q`i 2[mBHB#`iBQM
iBK2b iQ K2bm`2 i?2 +QM+2Mi`iBQMb BM bBimX
1MpB`QMK2MiH 7i2 KQ/2Hb `2 mb27mH iQQHb BM T`2/B+iBM; i?2 #2?pBQm` Q7 +?2KB@
+Hb BM i?2 2MpB`QMK2MiX S`iB+mH`Hv- 7m;+BivĜ#b2/ KQ/2Hb `2 T`bBKQMBQmb M/
+H+mHi2 7m;+Biv 7`+iBQMb b  /B`2+i iQQH 7Q` bb2bbBM; i?2 HBF2Hv /B`2+iBQM Q7 KQp2@
K2Mi Q7  +?2KB+H BM i?2 2MpB`QMK2MiX h?2B` TTHB+iBQM BM iM/2K rBi? TbbBp2
bKTHBM; i2+?MQHQ;B2b +M #2  TQr2`7mH bi`i2;v BM 2MpB`QMK2MiH KM;2K2MiX
Rk9
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G2i i?2 i2`K QM i?2 `B;?iĜ?M/ĜbB/2 Q7 i?2 2[miBQM #2 xX h?2M-
dCp
dt






















⇒ −kexKpwb− kexz2−kexKpwb− kexz1 = e
−kext
q?2M t = t,z= z2 = kexKpwa− kexKpwb t− kexCpX i i?2 BMBiBH +QM/BiBQMb- Cp = 0 i
t = 0 M/ z = z1 = kexKpwaX am#biBimiBM; i?2b2 2tT`2bbBQMb BM i?2 2[miBQM #Qp2
;Bp2b,
−kexKpwb− k2exKpwa+ k2exKpwb t+ k2exCp
−kexKpwb− k2exKpwa
= e−kext























bbmKBM; i?i Cr /Q2b MQi +?M;2 rBi? iBK2- b= 0 BM Cw = a−b t BKTHvBM; Cw = aX
h?2 b2+QM/ i2`K QM i?2 `B;?i Q7 i?2 2[miBQM #Qp2 rBHH 2z2+iBp2Hv #2 x2`Q M/ i?2





r?B+? Bb 2[miBQM kXRjX
.2`BpiBQM Q7 2[miBQM kXkk







r?2`2 i 2[mBHB#`BmK- CwKpwm=Nt ++Q`/BM; iQ 2[miBQM kXRNX A7 i?Bb Bb `2T`2b2Mi2/
b N∞- M/ 7+iQ`BM; BM BMBiBH +QM+2Mi`iBQMb- N0- i?2 2[miBQM #Qp2 +M #2 `2@
R8j
r`Bii2M b (Rjk),






6Q` S_*b- Nt `2T`2b2Mib i?2 `2KBMBM; KQmMi i iBK2 t 7QHHQrBM; /2THQvK2Mi- N0
i?2 BMBiBH KQmMi #27Q`2 /2THQvK2Mi- r?B+? BM i?Bb +b2 rQmH/ #2 i?2 KtBKmK
KQmMi- M/ N∞ i?2 KQmMi i BM}MBiv 7QHHQrBM; 7mHH /BbbBTiBQM M/ r?B+? rQmH/







r?2`2 Nt,PRC UM;V Bb i?2 KQmMi Q7 S_*b `2KBMBM; i iBK2 tX
6Q` S>b M/ S*"b- Rs +M #2 `2Hi2/ iQ KQH` Kbb UJV b Rs =M−0.47B- r?2`2
" Bb  T`QTQ`iBQMHBiv +QMbiMi i?i /2T2M/b QM i?2 ?v/`Q/vMKB+ +QM/BiBQMb M/ Bb
HBM2`Hv T`QTQ`iBQMH iQ i?2 bm`7+2 `2 Q7 i?2 Sa. (R9e)X am#biBimiBM; i?Bb `2HiBQM






















r?B+? Bb 2[miBQM kXkkX
6m;+Biv +H+mHiBQMb
6m;+Biv U7 BM SV p`B2b HBM2`Hv rBi? +QM+2Mi`iBQM U* BM KQHfKjV M/ Bb ;Bp2M b,
C = Z · f
R89
r?2`2 w BM i?2 7m;+Biv +T+Biv ;Bp2M BM KQHKjfSX w pHm2b `2 +H+mHi2/ 7`QK
i?2 7mM/K2MiH 7m;+Biv 2[miBQM ;Bp2M b,
f =C · v · γ · fR
r?2`2 p UKQHfKjV Bb i?2 KQH` pQHmK2 /2`Bp2/ 7`QK T?b2 /2MbBiv- γ Bb i?2 +iBpBiv
+Q2{+B2Mi Q7 i?2 +?2KB+H- M/ fR Bb i?2 `272`2M+2 7m;+Biv USVX
















r?2`2 P0L Bb i?2 HB[mB/ bii2 pTQ` T`2bbm`2 Q7 i?2 Q`;MB+ +?2KB+H- Sw Bb bQHm#BHBiv
M/ > Bb i?2 >2M`vǶb Hr +QMbiMiX








































* AMbi`mK2MiH MHviB+H K2i?Q/b M/ /i 7Q`
i?2 i`;2i +QKTQmM/b
S1a M/ a_ 2ti`+ib r2`2 MHvx2/ QM  e3Ny ;BH2Mi ;b +?`QKiQ;`T? U:*V +Qm@
TH2/ iQ  8NdjL ;BH2Mi Kbb b2H2+iBp2 /2i2+iQ` UJa.V M/  :2`bi2H KmHiBTm`TQb2
bKTH2`X MHvi2b r2`2 b2T`i2/ QM  ."@8Ja +TBHH`v +QHmKM UeyK × yXk8KK
× yXk8 ƒKV U*?`QKT+FVX h?2 :* rb QT2`i2/ BM bTHBiH2bb KQ/2 rBi? M BMD2+iBQM
pQHmK2 Q7 kXy ƒGX >2HBmK ~QrBM; i RXRKGfb rb mb2/ b i?2 +``B2` ;bX h?2
Qp2M i2KT2`im`2 T`Q;`KK2 rb, BMBiBHHv i ey ◦* ?2H/ 7Q` RKBM- i?2M BM+`2b2/
iQ R3y ◦* i  `i2 Q7 Ry ◦*fKBM- i?2M iQ kky ◦* i k ◦*fKBM M/ }MHHv iQ k3y ◦*
i Ry ◦*fKBM ?2H/ 7Q` jyKBMX hQiH `mMiBK2 rb 99KBMX 1H2+i`QM BQMBxiBQM rb
mb2/ 7Q` bT2+i` +[mBbBiBQM i dy 2o BQMBxiBQM 2M2`;vX h?2 Ja. i`Mb72` HBM2- BQM
bQm`+2 M/ [m/`mTQH2 i2KT2`im`2b r2`2 b2i i jyy ◦*- kjy ◦* M/ R8y ◦* `2bT2+@
iBp2HvX Jbb bT2+i` r2`2 +[mB`2/ BM #Qi? b+M UKfx j8 iQ dyyV M/ b2H2+i2/ BQM
KQMBiQ`BM; UaAJV KQ/2bX 1ti2`MH +HB#`iBQM rb mb2/ 7Q` MHvi2 [mMiBiiBQMX
MHvi2b bQ`#2/ QMiQ hrBbi2`b r2`2 /2bQ`#2/ #v i?2`KH /2bQ`TiBQM QM  :* Ue3NyL-
;BH2MiV +QmTH2/ iQ  Ja. U8Ndj- ;BH2MiV-  i?2`KH /2bQ`TiBQM mMBi U:2`bi2HV M/ 
>S@8Ja U8W S?2MvHK2i?vHbBHQtM2 +QHmKMc eyK×yXk8KK×yXk8 ƒKV U*?`QKT+FVX
Pp2M i2KT2`im`2 T`Q;`KK2 rb, ey ◦* ?2H/ 7Q` 8KBM i?2M BM+`2b2/ i  `i2 Q7
R8 ◦*fKBM iQ R3y ◦* i?2M i Ry ◦*fKBM iQ kky ◦* i?2M }MHHv i R8 ◦*fKBM iQ jyy ◦*
?2H/ 7Q` jyKBMX >2HBmK rb mb2/ b i?2 +``B2` ;bX *?`QKiQ;`Kb r2`2 Q#iBM2/
aAJ KQ/2X
R8e
h#H2 *XR, GBbi Q7 i`;2i MHvi2b M/ MHviB+H /i mb2/ BM i?2 +HB#`iBQM 2tT2`@
BK2Mi
*a *QKTQmM/ MK2 *HX `M;2 *HX H2p2Hb# _k GPZ+
UM;V UM;V
NR@ky@j LT?i?H2M2 yXy3XXXyX8y 3 yXNNdR yXyR
ky3@Ne@3 +2MT?i?vH2M2 yXy3XXXRXyy N yXNNNd yXyk
3j@jk@N +2MT?i?2M2 yXy3XXXyXj8 d yXNN3N yXyk
38@yR@3 S?2MMi?`2M2 yXyjXXXRXyy Ry yXNN89 yXyR
Rky@Rk@d Mi?`+2M2 yXy3XXXyX8y N yXNNyd yXyk
kye@99@y 6HmQ`Mi?2M2 yXRkXXXRXyy 3 yXNN8N yXyR
RkN@yy@y Sv`2M2 yXRkXXXRXyy 3 yXNN8y yXyR
8e@88@j "2MxQUVMi?`+2M2 yXy3XXXRXyy 3 yXNN3y yXyk
kR3@yR@N *?`vb2M2 yXRyXXXRXyy d yXNN88 yXyk
ky8@NN@k "2MxQ(#)~mQ`Mi?2M2 yXRyXXXRXyy d yXNNNy yXyj
kyd@y3@N "2MxQ(F)~mQ`Mi?2M2 yXRyXXXRXyy d yXNN3e yXyj
8y@jk@3 "2MxQ()Tv`2M2 yXy3XXXRXyy d yXNNN8 yXyj
RNj@jN@8 AM/2MQ(R-k-j@+/)Tv`2M2 yXRyXXXyXj8 d yXNNe9 yXy9
8j@dy@j .B#2Mx(-?)Mi?`+2M2 yXykXXXyXRk d yXNNRj yXy9
RNR@k9@k "2MxQ(;-?-B)T2`vH2M2 yXykXXXyXky N yXNNjj yXy9
NR@8d@e k@K2i?vHMT?i?H2M2 yXRyXXXyX8y d yXNN8e yXyR
83k@Re@R k-d@.BK2i?vHT?i?Hi2 yXy3XXXRXyy N yXNN3N yXyR
dyRk@jd@8 S*" k3 yXRkXXXRXyy 3 yXNN3d yXy9
j8eNj@NN@j S*" 8k yXy9XXXyX8y N yXNN8k yXyk
jde3y@dj@k S*" RyR yXRkXXXRXyy 3 yXNN39 yXy9
j8ye8@k3@k S*" Rj3 yXRyXXXRXyy 3 yXNN33 yXye
j8ye8@kd@R S*" R8j yXRyXXXRXyy d yXNNN9 yXye
j8ye8@kN@j S*" R3y yXRyXXXRXyy d yXNNNy yXye
j9k9@3k@e Q-T ..1 yXRyXXXRXyy 3 yXNN3j yXy9
dk@88@N T-T ..1 yXR9XXXRXyy d yXNNNy yXy9
8j@RN@y Q-T ... yXRkXXXRXyy 3 yXNNd3 yXy9
dk@89@3 T-T ... yXyeXXXyXj8 d yXNN8j yXyk
d3N@yk@e Q-T ..h yXy3XXXyXj8 d yXNN9N yXyk
8y@kN@j T-T ..h yXRyXXXRXyy d yXNN33 yXy9
RR3@d9@R >2t+?HQ`Q#2Mx2M2 yXy3XXXRXyy Ry yXNN3k yXyk
dk@9j@8 J2i?Qtv+?HQ` yXRkXXXRXyy d yXNNNy yXRy
38@e3@d "mivH #2MxvH T?i?Hi2 U""SV yXy3XXXRXyy d yXNN9N yXyk
 *HB#`iBQM `M;2c # +HB#`iBQM H2p2Hbc + HBKBi Q7 [mMiBiiBQM rb iF2M b i?2 HQr2bi
+QM+2Mi`iBQM 7`QK i?2 +HB#`iBQM /i i?i +QmH/ #2 [mMiB}2/X
R8d
h#H2 *Xk, MHviB+H /i mb2/ BM +H+mHiBQM Q7 +QM+2Mi`iBQMb 7`QK }2H/@/2THQv2/
bQ`#2Mib
*a *QKTQmM/ MK2 *HX `M;2 *HX H2p2Hb# _k GPZ+
UM;V UM;V
NR@ky@j LT?i?H2M2 yXR8XXX9Xyy 3 yXNN3d yXyk
ky3@Ne@3 +2MT?i?vH2M2 yXykXXXRX8y d yXNNN9 yXyk
3j@jk@N +2MT?i?2M2 yXykXXXRX8y d yXNNN8 yXyk
3e@dj@d 6HmQ`2M2 yXy8XXXRX8y d yXNNN8 yXyk
38@yR@3 S?2MMi?`2M2 yXR8XXX9Xyy d yXNNNd yXyk
Rky@Rk@d Mi?`+2M2 yXy8XXXRX8y d yXNNNj yXyk
kye@99@y 6HmQ`Mi?2M2 yXRyXXXkX8y d yXNNNy yXyk
RkN@yy@y Sv`2M2 yXy8XXXkX8y 3 yXNNNj yXyk
8e@88@j "2Mx()Mi?`+2M2 yXy8XXXkX8y d yXNNN8 yXyk
kR3@yR@N *?`vb2M2 yXy8XXXkX8y d yXNNNk yXyk
ky8@NN@k "2MxQ(#YF)~mQ`Mi?2M2 yXy8XXXkX8y 3 yXNNNy yXy8
RNk@Nd@k "2MxQ(2)Tv`2M2 yXRyXXXkX8y d yXNNN8 yXy8
8y@jk@3 "2MxQ()Tv`2M2 yXRyXXXkX8y d yXNNN8 yXy8
RN3@88@y S2`vH2M2 yXRyXXXkX8y d yXNNN8 yXy8
RNj@jN@8 AM/2MQ(R-k-j@+/)Tv`2M2 yXR8XXXkX8y d yXNN88 yXRy
8j@dy@j .B#2Mx(-?)Mi?`+2M2 yXR8XXXkX8y d yXNN9j yXRy
RNR@k9@k "2MxQ(;?B)T2`vH2M2 yX8yXXX9Xyy d yXNNyj yXky
Ny@Rk@y R@J2i?vHMT?i?H2M2 yXR8XXX9Xyy 3 yXNN3d yXyk
NR@8d@e k@J2i?vHMT?i?H2M2 yXR8XXX9Xyy 3 yXNN3N yXyk
83k@Re@R k-d@.BK2i?vHMT?i?H2M2 yXy8XXXkX8y 3 yXNNNe yXyk
kk98@j3@d R-e-d@h`BK2i?vHMT?i?H2M2 yXR8XXX9Xyy d yXNNN3 yXyk
 *HB#`iBQM `M;2c # +HB#`iBQM H2p2Hbc + HBKBi Q7 [mMiBiiBQM rb iF2M b i?2 HQr2bi








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6 .2i2`KBMiBQM Q7 _b M/ ETr
_r /i 7`QK i?2 +HB#`iBQM 2tT2`BK2Mi i?i r2`2 mb2/ BM +H+mHiBQMb `2 ;Bp2M BM
b2+iBQM EX TT`2Mi HQ; KTr r2`2 +H+mHi2/ b i?2 HQ;`Bi?K iQ #b2 Ry Q7 i?2 `iBQ
Q7 i?2 ?B;?2bi K2bm`2/ S1a +QM+2Mi`iBQM M/ i?2 p2`;2 ri2` +QM+2Mi`iBQMX







= 6.72 mL/g or L/kg
HQ; KTr rb bBKBH`Hv +H+mHi2/ 7`QK i?2 BM/BpB/mH K2bm`2K2Mib M/ mb2/ iQ
/2i2`KBM2 i?2 biM/`/ /2pBiBQMX Rb r2`2 +H+mHi2/ #v HBM2` `2;`2bbBQM mbBM; HH
i?2 K2bm`2/ S1a +QM+2Mi`iBQMb i?i TT`Q+?2/ HBM2`Biv BM i?2 mTiF2 +m`p2-
p2`;2 ri2` +QM+2Mi`iBQMb HBbi2/ BM b2+iBQM E M/ 2[miBQM kXR3X 1tKTH2b Q7 i?2
HBM2` `2;`2bbBQMb `2 ;Bp2M BM };m`2 6XRX h?2 T`Q/m+i Q7 bHQT2b b BM };m`2 6XR M/























6B;m`2 6XR, SHQib Q7 Ni fCr ;BMbi iBK2X `2T`2b2Mib /i TQBMib M/ Bb i?2
`2;`2bbBQM HBM2X
Re9
: .2i2`KBMiBQM Q7 E?/r
h#H2 :XR, #`?KǶb /2b+`BTiQ`b 7Q` i?2 >P*b M/ MĜ?2t/2+M2- M/ T`2/B+i2/
HQ; E?/r
*QKTQmM/ MK2 1 a  " o G + GQ; E?/r
M@?2t/2+M2 yXed @RXek @jX8N @9X3d 9X9j yXyy yXyN @
LT?i?H2M2 RXj9 yXNk yXyy yXky RXyN 8XRe @ jXjj
+2MT?i?vH2M2 RXd8 RXR9 yXyy yXke RXkk eXR3 @ jX89
+2MT?i?2M2 RXey RXy8 yXyy yXkk RXke eX9d @ jXNd
S?2MMi?`2M2 kXye RXkN yXyy yXkN RX98 dXej @ 9X9R
Mi?`+2M2 kXkN RXj9 yXyy yXk3 RX98 dX8d @ 9X8j
6HmQ`Mi?2M2 kXj3 RX88 yXyy yXk9 RX8N 3X3j @ 8Xyj
Sv`2M2 kX3R RXdR yXyy yXk3 RX8N 3X3j @ 9X3e
"2Mx()Mi?`+2M2 kXNN RXdy yXyy yXj8 RX3k RyXkN @ 8XdR
*?`vb2M2 jXyj RXdj yXyy yXje RX3k RyXjj @ 8Xe9
"2MxQ(#)~mQ`Mi?2M2 jXRN RX3k yXyy yX9y RXN8 RRXej @ 8XNN
"2MxQ(F)~mQ`Mi?2M2 jXRN RXNR yXyy yXjj RXN8 RRXeR @ eXR3
"2MxQ()Tv`2M2 jXej RXNe yXyy yXjd RXN8 RRXd9 @ eXky
AM/2MQ(R-k-j@+/)Tv`2M2 jXeR RXNj yXyy yX9k kXy3 RkXdy @ eX8d
"2MxQ(;?B)T2`vH2M2 9Xyd RXNy yXyy yX98 kXy3 RjX98 @ eXd3
k@J2i?vHMT?i?H2M2 RXjy yX3R yXyy yXk8 RXkj 8Xek @ jX3e
k-d@.BK2i?vHMT?i?H2M2 RXj8 yX3k yXyy yXk8 RXjd eXR8 @ 9X8y
S*" k3 RXde RXjj yXyy yXR8 RXeN dXNy @ 8X33
S*" 8k RXNy RX93 yXyy yXR8 RX3R 3XR9 @ eXkd
S*" RyR kXy9 RXeR yXyy yXRj RXN9 3X3d @ eXdN
S*" Rj3 kXR3 RXd9 yXyy yXRR kXye NXdd @ dXjk
S*" R8j kXR3 RXd9 yXyy yXRR kXye NX8N @ dXjk
S*"R3y kXkN RX3d yXyy yXyN kXR3 RyX9k @ dX3k
Q-TǶ@..1 RXNy RX8y yXyy yXR3 kXy8 3XNR @ dXR8
T-TǶ@..1 RX3y RX9y yXye yXR9 kXy8 NXdj @ dXkj
Q-TǶ@... RX3y RXdj yXRy yXke kXRy NX8d @ eXR8
T-TǶ@... RXde RXdR yXyk yXkk kXRy NX3e @ eXe9
Q-T@..h RX38 RXdy yXyy yXk8 kXkk NX8e @ dXR3
T-TǶ@..h RX3R RXde yXyy yXRe kXkk RyXyk @ dX8y
>2t+?HQ`Q#2Mx2M2 RX9N yXd8 yXyy yXyN RX98 eXNN @ 8X3e
J2i?Qtv+?HQ` RX8N kXyN yXyy yXdj kXjd RyX39 @ 9Xdk
*QMiBMm2/ QM M2ti T;2
Re8
h#H2 :XR *QMiBMm2/ 7`QK T`2pBQmb T;2
*QKTQmM/ MK2 1 a  " o G + GQ; E?/r
"mivH #2MxvH T?i?Hi2 RXjy RX8R yXyy RXRj kX9e RyX3k @ jXNR
HH bQHmi2 /2b+`BTiQ`b r2`2 Q#iBM2/ 7`QK i?2 #`?K #bQHp /i#b2 Ul6w@Ga1_ /i#b2
pjXRVX
> S_* TTHB+iBQM BM S1a K2K#`M2
>XR 6`+iBQMb Q7 `2KBMBM; S_*b BM bTBF2/ S1a bi`BTb 7QH@
HQrBM; }2H/ 2tTQbm`2
6`+iBQMb Q7 `2KBMBM; S_*b r2`2 +H+mHi2/ b  `iBQ Q7 :*ĜJa `2bTQMb2b Q7
}2H/Ĝ2tTQb2/ M/ mM/2THQv2/ S1a bi`BTbX h?2 BMbi`mK2MiH `2bTQMb2b r2`2 MQi
`2+H+mHi2/ iQ #bQHmi2 KQmMibf+QM+2Mi`iBQMb mbBM; 7Q` BMbiM+2 2ti2`MH +HB#`@
iBQM- bbmKBM; i?i i?2 :*ĜJa `2bTQMb2 Bb /B`2+iHv T`QTQ`iBQMH iQ i?2 +H+mHi2/
KQmMiX
h#H2 >XR, 6`+iBQMb Q7 `2KBMBM; S_*b 7`QK bTBF2/ S1a bi`BTb i?i r2`2 /2THQv2/
BM i?2 aH2 `Bp2`- :2`KMv /m`BM; jy /vb
LK2 Q7 S_* S1a bi`BT  S1a bi`BT " S1a bi`BT * *o UWV
+2MT?i?2M2@/Ry yXe8 yXej yX8N 9
6HmQ`2M2@/Ry yXee yXe9 yXeR 9
S?2MMi?`2M2@/Ry yX3y yXde yXd9 9
Sv`2M2@/Ry yX38 yXdN yXdN 8
"2MxQUVMi?`+2M2@/Rk yXe8 yX8d yX88 N
*?`vb2M2@/Rk yX3j yXdd yXde 8
S*" kN yX3e yX39 yXd3 8
S*" dd yXNR yX39 yXdN d
S*" 3R yXNk yX39 yX3y d
*o `2T`2b2Mib i?2 +Q2{+B2Mi Q7 p`BiBQM +H+mHi2/ b  `iBQ Q7 i?2 biM/`/ /2pBiBQM iQ
i?2 p2`;2 pHm2 Q7 i?2 K2bm`2K2Mib UM4jV 2tT`2bb2/ b  T2`+2Mi;2X
Ree
>Xk 6m`i?2` 2tKTH2b Q7 MBbQi`QTv 2t?B#Bi2/ BM i?2 mTiF2















































6B;m`2 >XR,  THQi Q7 i?2 UV mTiF2 Q7 Mi?`+2M2 U V p2`bmb `2H2b2 Q7 Mi?`+2M2@
/Ry U V- U#V mTiF2 Q7 Tv`2M2 U V p2`bmb `2H2b2 Q7 Tv`2M2@/Ry U V- U+V mTiF2 Q7
+?`vb2M2 U V p2`bmb `2H2b2 Q7 +?`vb2M2@/Rk U V M/ U/V mTiF2 Q7 S*" k3 U V p2`bmb
`2H2b2 Q7 S*" kN U V #v S1a X
Red
A 6B2H/ /2THQvK2Mi Q7 S1a M/ a_
AXR 1biBKiBQM Q7 bKTHBM; `i2b Q7 S>b #v a_ 7`QK 7`+@
iBQMb Q7 `2KBMBM; S_*bX
h#H2 AXR, LQMHBM2` H2bi b[m`2b 2biBKiBQM Q7 _b- UjyyV Q7 i?2 ?vTQi?2iB+H +QK@
TQmM/ 7`QK S_* /i
S_* `r /i aKTH2` A. 4 aQbBMB ahR URV
1tTQbm`2 /m`iBQM U/V 4 jy
aKTH2` Kbb U;V 4 RyXRe









S*" kN ky8R3 RdR38
S*" 89 eR8R 89kR
S*" 3R R3dy9 R8j8d
S*" dd Re8dN R9kRe
S_* 7`+iBQM BM bKTH2` aKTH2` A. 4 aQbBMB ahR URV
S_* JQH` Kbb U;fKQHV LifLy U2tTXV HQ; KTr
+2MT?i?2M2@/Ry Re9Xj yXy83 jX83
6HmQ`2M2@/Ry RdeXj yXRRe jXe8
S?2MMi?`2M@/Ry R33Xj yXRd3 9Xye
Mi?`+2M2@/Ry R33Xj yXyd3 9XRN
Sv`2M2@/Ry kRkXj yXRN3 9Xe9
*?`vb2M2@/Rk k9yX9 yX98N 8Xkk
"2Mx()Mi?`+2M2@/Rk k9yX9 yXjdy 8X9y
S2`vH2M2@/Rk ke9X9 yXjy3 8X9N
S*" kN k8dX8 yX3j3 8X9j
*QMiBMm2/ QM M2ti T;2
Re3
h#H2 AXR *QMiBMm2/ 7`QK T`2pBQmb T;2
S*" 89 kNkXy yX33R 8Xee
S*" 3R kNkXy yX3kR eXRy
S*" dd kNkXy yX38d eXRy
JQ/2H +H+mHiBQM aKTH2` A. 4 aQbBMB ahR URV
S_* JQH` Kbb U;fKQHV LifLy UKQ/2HXV KTr
+2MT?i?2M2@/Ry Re9Xj yXyyy j3yk
6HmQ`2M2@/Ry RdeXj yXyyy 99ed
S?2MMi?`2M@/Ry R33Xj yXyyy RR93k
Mi?`+2M2@/Ry R33Xj yXyyy R8933
Sv`2M2@/Ry kRkXj yXykj 9je8k
*?`vb2M2@/Rk k9yX9 yXjNk Re8N8N
"2Mx()Mi?`+2M2@/Rk k9yX9 yX8jd k9Ned3
S2`vH2M2@/Rk ke9X9 yXeR3 jyNyjy
S*" kN k8dX8 yX8dk keNR8j
S*" 89 kNkXy yXdjj 98dy33
S*" 3R kNkXy yX3Nj Rk83Nk8
S*" dd kNkXy yX3Nj Rk83Nk8
aQHp2` 2biBKi2 aKTH2` A. 4 aQbBMB ahR URV
aKTH2` " 4 eNk
aKTH2` aa. 4 jXRj1@yR
hQiH aa. 4 NXjy1@yR
_2bB/mH p`BM+2 4 jXRj1@yk
Rb UjyyV UGf/V 4 9dX9
h?2 i#H2 Bb M 2tKTH2 7Q` 2biBKiBQM Q7 _b- UjyyV 7Q` QM2 bKTH2`- aQbBMB ahRURVX h`BTHB+i2
bKTH2`b r2`2 mb2/- i?i Bb- HbQ ahRUkV M/ ahRUjVX S_* MHvbBb /i rb 2Mi2`2/ BM
i?2 }`bi #Qt r?2`2 LyUpXV `2T`2b2Mi2/ M p2`;2 Q7 :*@Ja `2bTQMb2b 7`QK /mTHB+i2
mM2tTQb2/ bKTH2`b M/ Li i?2 `2bTQMb2 7`QK i?2 2tTQb2/ bKTH2` ahRURVX :*@Ja `2bTQMb2b
r2`2 mb2/ BM HB2m Q7 #bQHmi2 pHm2b iQ bp2 iBK2 M/ +Qbib BM+m``2/ BM +HB#`iBQM- bbmKBM;
T`QTQ`iBQMHBiv #2ir22M i?2 `2bTQMb2b M/ #bQHmi2 pHm2b /2i2`KBM2/ #v +HB#`iBQMX AM i?2
b2+QM/ #Qt- 7`+iBQMb Q7 `2KBMBM; S_*b- i?i Bb NtN0 r2`2 +H+mHi2/ M/ i?Bb `2T`2b2Mi2/
i?2 2tT2`BK2MiH KQ/2HX h?2Q`2iB+H 7`+iBQMb Q7 `2KBMBM; S_*b BM i?2 i?B`/ #Qt r2`2
/2i2`KBM2/ mbBM; 2[miBQM kXkkX 1t+2HǶb bQHp2` rb i?2M mb2/ iQ bQHp2 2[miBQM kXkk #v
+QMbB/2`BM; 7 b  +QMiBMmQmb KTrM0.47 rBi? " b M /Dmbi#H2 T`K2i2`X AM bQHp2`- i?2
:_: bQHpBM; K2i?Q/ rb mb2/ iQ KBMBKBx2 i?2 pHm2 NXjy1@yR UiQiH aa.V #v +?M;BM; "
Q7 HH i`BTHB+i2 bKTH2`bX hQiH bmK Q7 b[m`2/ /Bz2`2M+2b Uaa.V rb  bmKKiBQM Q7 i?2
BM/BpB/mH aa. 7Q` 2+? bKTH2` /2i2`KBM2/ mbBM; i?2 alJsJuk 7mM+iBQM M/ i?2 ``v Q7
pHm2b BM i?2 i?B`/ UKQ/2H +H+mHiBQMV M/ b2+QM/ US_* 7`+iBQM BM bKTH2`V #Qt2bX
ReN
h#H2 AXk, 1tKTH2 Q7 mtBHB`v /i mb2/ BM }iiBM; 7`+iBQMb Q7 `2KBMBM; S_*b b
b?QrM BM };m`2 9XRy
aKTH2` A. 4 aQbBMB ahR URV aQbBMB ahR URV
GQ; UKTrM0.47V 7U+m`p2V GQ; KTr JQH` Kbb 7U2tTXV
jXNe yXyyy jXyy RRk
9XRN yXyyy jXky Rk8
9X9y yXyyy jX9y Rjd
9Xek yXyyy jX83 Re9 yXy83
9XdR yXyyy jXe8 Rde yXRRe
9X39 yXyyy jX3y Rej
8Xye yXyyy 9Xyy Rde
8XRj yXyyy 9Xye R33 yXRd3
8Xke yXyyy 9XRN R33 yXyd3
8X93 yXyyR 9X9y kyR
8Xdj yXykj 9Xe9 kRk yXRN3
8Xdy yXyRe 9Xey kR9
8XNR yXy3y 9X3y kkd
eXRk yXkRR 8Xyy kjN
eXjj yXj3j 8Xky k8k
eXj9 yXjNk 8Xkk k9y yX98N
eX8k yX8jd 8X9y k9y yXjdy
eX8e yX8dk 8X9j k83 yX3j3
eXej yXeR3 8X9N ke9 yXjy3
eXd8 yXeN9 8Xey kd3
eX3k yXdjj 8Xee kNk yX33R
eXNe yXdN3 8X3y kNy
dXRd yX3dy eXyy jyj
dXke yX3Nj eXRy kNk yX3kR
dXke yX3Nj eXRy kNk yX38d
dXjd yXNRd eXky jRe
dX83 yXN93 eX9y jkN
dXdN yXNed eXey j9R
3Xyy yXN3y eX3y j89
3XkR yXN3d dXyy jed
3X9R yXNNk dXky j3y
*QMiBMm2/ QM M2ti T;2
Rdy
h#H2 AXk *QMiBMm2/ 7`QK T`2pBQmb T;2
aKTH2` A. 4 aQbBMB URV aQbBMB ahR URV
GQ; UKTrM0.47V 7U+m`p2V GQ; KTr JQH` Kbb 7U2tTXV
3Xek yXNN8 dX9y jNk
3X3j yXNNd dXey 9y8
NXyj yXNN3 dX3y 9R3
NXk9 yXNNN 3Xyy 9jR
RyXkd RXyyy NXyy 9N9
6B;m`2 9XRy Bb  THQi Q7 i?2Q`2iB+H U7 +m`p2V M/ 2tT2`BK2MiH U7 2tTXV 7`+iBQMb Q7
`2KBMBM; S_*b ;BMbi HQ; KTrM0.47X h?2Q`2iB+H pHm2b 7Q` i?2 +m`p2 U7 +m`p2V
BM i?2 };m`2 r2`2 +H+mHi2/ mbBM; 2[miBQM kXkk Qp2` ?vTQi?2iB+H HQ; KTr `M;2b
7`QK jXyyĜNXyyX h?2 pHm2b 7U2tTXV `2T`2b2MiBM; i?2 2tT2`BK2MiH /i TQBMib r2`2
2ti`+i2/ 7`QK i#H2 AXRX
h#H2 AXj, 1tKTH2 7Q` +H+mHiBQM Q7 7`22Hv /BbbQHp2/ +QM+2Mi`iBQMb Q7 S>b BM
aQbBMB `Bp2` K2bm`2/ mbBM; a_
1tTQbm`2 /m`iBQM U/V 4 jy
aKTH2` Kbb UF;V 4 yXyRyRe
_b- UjyyV UGf/V 4 9dX9
*QKTQmM/ MK2
JQH` Kbb KTr Li Rb *rhq
UGfF;V UGfF;V UM;V UGf/V UM;fGV
LT?i?H2M2 Rk3Xk RXyd1Yyj RN3Xe dyXd R3Xk9
+2MT?ivH2M2 R8kXk RX3k1Yyj RR3X9 e8Xk eX9y
+2MT?i?2M2 R89Xk 3Xjk1Yyj 3RXy e9X3 yXNe
6HmQ`2M2 ReeXk eXRd1Yyj 9y3Xj ekXe eX8k
S?2MMi?`2M2 Rd3Xk RXkN1Yy9 RR8NX8 eyXe 3X3e
Mi?`+2M2 Rd3Xk RXek1Yy9 RjRXk eyXe yX3y
6HmQ`Mi?2M2 kykXj 9XRd1Yy9 3yyX9 8dXR RXNk
Sv`2M2 kykXj 9XdN1Yy9 38eXd 8dXR RX3k
"2MxQ()Mi?`+2M2 kk3Xj kXyN1Yy8 RyjX8 8jXN yXyN
*?`vb2M2 kk3Xj RXd31Yy8 kkRX9 8jXN yXkR
"2MxQ(#F)~mQ`Mi?2M2 k8kXj 8X8y1Yy8 N9X9 8RX9 yXyd
"2MxQ(2)Tv`2M2 k8kXj 9XjN1Yy8 ejXd 8RX9 yXy8
"2Mx()Tv`2M2 k8kXj 9XNy1Yy8 keX3 8RX9 yXyk
*QMiBMm2/ QM M2ti T;2
RdR
h#H2 AXj *QMiBMm2/ 7`QK T`2pBQmb T;2
1tTQbm`2 /m`iBQM U/V 4 jy
aKTH2` Kbb UF;V 4 yXyRyRe
_b- UjyyV UGf/V 4 9dX9
*QKTQmM/ MK2
JQH` Kbb KTr Li Rb *rhq
UGfF;V UGfF;V UM;V UGf/V UM;fGV
S2`vH2M2 k8kXj 9XjN1Yy8 yXy 8RX9 yXyy
AM/2MQ(R-k-j@+/)Tv`2M2 kdeXj RXR81Yye yXy 9NXj yXyy
.B#2MxQ(-?)Mi?`+2M2 kd3Xj RXd91Yye yXy 9NXR yXyy
"2MxQ(;-?-B)T2`vH2M2 kdeXj RXy81Yye yXy 9NXj yXyy
R@K2i?vHMT?i?H2M2 R9kXk kX9j1Yyj Ry3Xd edX9 9X9R
k@K2i?vHMT?i?H2M2 R9kXk kX9j1Yyj Rk8Xj edX9 8Xy3
k-d@/BK2i?vHMT?i?H2M2 R8eXk 9Xdy1Yyj RedXN e9X9 jX8R
R-e-d@i`BK2i?vHMT?i?H2M2 RdyXj NXRk1Yyj j8yX3 eRXN jXdN
Li r2`2 bQ`#2/ KQmMib /2i2`KBM2/ #v BMbi`mK2MiH MHvbBb Q7 a_ 2ti`+ibX h?2M i?2 bBi2@
M/ +QKTQmM/@bT2+B}+ bKTHBM; `i2b r2`2 +H+mHi2/ 7`QK i?2 _b- UjyyV Q7 i?2 ?vTQi?2iB+H
+QKTQmM/ mbBM; 2[miBQM 9XjX 6BMHHv- 7`22Hv /BbbQHp2/ +QM+2Mi`iBQMb U*hqV r2`2 +H+mHi2/
mbBM; 2[miBQM kXRdX aBKBH` +H+mHiBQMb r2`2 K/2 7Q` HH i`BTHB+i2b i?2M M p2`;2 rb
mb2/ 7Q` `2TQ`iBM;X
Rdk
AXk aKTHBM; bBi2 M/ TB+im`2b Q7 2tTQb2/ S1a M/ a_




6B;m`2 AXR, UV KT b?QrBM; bKTHBM; biiBQMb HQM; aQbBMB `Bp2` M/ TB+im`2b Q7





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































kyyKG Q7 ri2` rb bTBF2/ rBi? /Bz2`2Mi +QM+2Mi`iBQMb UyX8 M; iQ Ry M;V Q7 i?2
MHvi2b KBtim`2 i?2M  S1a bi`BT rb BMb2`i2/ M/ i?2 KBtim`2 H27i iQ 2ti`+i
/m`BM; QM2 r22FX h?2 bi`BTb r2`2 `2KQp2/ M/ 2ti`+i2/- M/ i?2 2ti`+ib r2`2
MHvx2/ #v :*ĜJa iQ /2i2`KBM2 i?2 HQr2bi +QM+2Mi`iBQM i?i +QmH/ #2 b2Mb2/ #v
i?2 bKTH2`X
qi2` +QM+2Mi`iBQM i?i rb /2i2+i#H2 #v i?2 bKTH2`b UaGa_ M/ aGS1aV rb
+H+mHi2/ #v BMb2`iBM; i?2 BMbi`mK2MiH [mMiB}+iBQM HBKBi UT2` bKTH2` mMBiV BM@











r?2`2 ZGri2` Bb i?2 [mMiBiiBQM HBKBi BM i?2 bKTH2`X 6Q` a_- _b r2`2 S_*Ĝ/2`Bp2/
}2H/ pHm2b- ETr pHm2b r2`2 Q#iBM2/ 7`QK aK2/2b 2i HX (R9d) 2t+2Ti i?Qb2 Q7 ..h
M/ Bib K2i#QHBi2b- ?2t+?HQ`Q#2Mx2M2 M/ K2i?Qtv+?HQ` r?B+? r2`2 2biBKi2/ #v
BMi2`TQHiBQM 7`QK i?2 HQ; ETrĜHQ; EQr `2HiBQMb?BT Q7 i?2 Qi?2` +QKTQmM/bX 6Q`
S1a- _b r2`2 /2i2`KBM2/ BM i?2 +HB#`iBQM 2tT2`BK2MiX
Rdd
AX8 1[miBQMb mb2/ iQ 2biBKi2 /BzmbBpBiv BM ri2`

























>v/mF M/ JBM?b (8d),
Dw = 1.25×10−8(V−0.19−0.292)T 1.52η( 9.58V −1.12) UAX3V
q?2`2J M/Jr BM U;fKQHV `2 i?2 KQH2+mH` r2B;?ib Q7 i?2 +QKTQmM/ M/ bQHp2Mi
Uri2`V `2bT2+iBp2Hv- o U+KjfKQHV Bb KQH2+mH` pQHmK2- h UEV i?2 i2KT2`im`2
M/ μ Q` η Bb /vMKB+ pBb+QbBiv Q7 i?2 bQHp2Mi BM +2MiBSQBb2 7Q` 2[miBQMb AXj- AX9
M/ AX3- SQBb2 7Q` 2[miBQM AXd M/ S b 7Q` 2[miBQM AXeX b bm;;2bi2/ #v bQK2
mi?Q`b- M 2tTQM2Mi pHm2 Q7 RXR9 QM μ BM 2[miBQM AX9 rb mb2/ BM TH+2 Q7 RX9
b ;Bp2M #v i?2 Q`B;BMH mi?Q`b (83)X .r Bb i?2 /BzmbBQM +Q2{+B2Mi BM ri2` BM
U+KkfbV BM 2[miBQMb AXj- AX9 AXd M/ AX3 Q` UKkfbV BM 2[miBQMb AX8 M/ AXeX 6Q`
Tm`TQb2b Q7 mMB7Q`KBiv iQ 2M#H2 +QKT`BbQM- .rb 7`QK 2[miBQMb AXj- AX9 M/ AXd
r2`2 `2+H+mHi2/ iQ KkfbX JQH2+mH` pQHmK2b r2`2 Q#iBM2/ 7`QK >m+FBMb 2i HX
(eR) M/ μ Q` η 7`QK a+?r`x2M#+? 2i HX (R9y)X k9 ◦*- i?i Bb }2H/ i2KT2`im`2






































































































































































































































































































































































































































































































































































































































































































































































































































































































C a2/BK2Mi bKTHBM; M/ MHvbBb
UV U#V
6B;m`2 CXR, UV aiBMH2bb bi22H +M M/ b+QQT mb2/ BM bKTHBM; b2/BK2Mib M/ U#V
bKTH2b b2/BK2MibX
CXR .2i2`KBMiBQM Q7 b2/BK2Mi +?`+i2`BbiB+b
hQ /2i2`KBM2 Q`;MB+ Kii2`- Ry ; Q7 b2/BK2Mib- BM i`BTHB+i2- r2`2 TH+2/ BM 
RyyyKG #2F2` M/ r2B;?2/X RyyKG ?v/`Q;2M T2`QtB/2 UR8WV rb //2/ M/
i?2 KBtim`2 brB`H2/ ;2MiHv- i?2M i?2 #2F2` rb +Qp2`2/ rBi?  ri+?;Hbb M/ H27i
Qp2`MB;?i i `QQK i2KT2`im`2X h?2`27i2` i?2 #2F2` rb TH+2/ QM  bM/#i? M/
?2i2/ i Ny ◦* mMiBH 7`Qi? rb 7Q`K2/ M/ i?2 b2/BK2Mib #2+K2 HB;?i2` BM +QHQ`X
h?2M i?2 #2F2` M/ Bib +QMi2Mib r2`2 ?2i2/ i Ry8 ◦* BM M Qp2M iQ +QMbiMi
r2B;?i 7QHHQr2/ #v +QQHBM; BM  /2bB++iQ` M/ `2r2B;?BM;X h?2 /Bz2`2M+2 BM r2B;?i
/2}M2/ i?2 Q`;MB+ Kii2` +QMi2MiX hQiH Q`;MB+ +`#QM UhP*V rb +H+mHi2/ b,
TOC =
average of triple measurements
measured dry matter
× 100 UCXRV
a2/BK2Mib r2`2 TH+2/ BM  KBtBM; +vHBM/2` i?2M k8KG Q7 yX9L bQ/BmK /BT?QbT?i2
bQHmiBQM rb //2/ M/ i?2 bQHmiBQM K/2 mT iQ i?2 RyyyKG K`F mbBM; /BbiBHH2/
ri2`X *QMi`QHb r2`2 bBKBH`Hv T`2T`2/ #mi rBi?Qmi b2/BK2MibX h?2 bQHmiBQM rb
TQm`2/ BMiQ  b2`B2b Q7 T`2Ĝr2B;?2/ bB2p2b ``M;2/ b2[m2MiBHHv QM  biM/ ++Q`/BM;
R3y
iQ K2b? bBx2b UyXejKK- yXkKK M/ yXyejKKV- +Qp2`2/ M/ H27i 7Q` #Qmi kyKBMX
h?2`27i2`- i?2 `2bB/m2Ĝ+QMiBMBM; bB2p2b r2`2 /`B2/ i Ry8 ◦* BM M Qp2M iQ +QMbiMi
r2B;?i M/ r2B;?2/ ;BMX .Bz2`2M+2b BM r2B;?ib Q7 i?2 bB2p2b vB2H/2/ bBHi- +Hv M/
bM/ 7`+iBQMbX p2`;2 Q7 /mTHB+i2 K2bm`2K2Mib r2`2 MQ`KHBx2/ iQ Ryy ; M/
+Q``2+i2/ 7Q` i?2 Q`;MB+b HQbi /m`BM; ?2iBM; iQ vB2H/  pHm2 7 `r r?B+? rb i?2M





a2/BK2Mi +?`+i2`BbiB+b r2`2 /2i2`KBM2/ #v b2/BK2MiiBQM K2i?Q/X a2/BK2Mib r2`2
TH+2/ BM  KBtBM; +vHBM/2`- yX9L bQ/BmK /BT?QbT?i2 bQHmiBQM //2/ M/ i?2 bQ@
HmiBQM K/2 mT iQ i?2 RyyyKG K`F mbBM; /BbiBHH2/ ri2`X *QMi`QHb r2`2 bBKBH`Hv
T`2T`2/ #mi rBi?Qmi b2/BK2MibX q2B;?BM; ;Hbb2b r2`2 /`B2/- K`F2/ M/ r2B;?2/
iQ QM2 /2+BKH TH+2 i?2M i?2v r2`2 TH+2/ BM i?2 b2H2+i2/ TQbBiBQMb BM i?2 b2/BK2MiX
h?2M i?2 Eƺ?M TT`imb rb im`M2/ QM M/ `mMX h?2`27i2` i?2 r2B;?BM; ;Hbb2b
r2`2 `2KQp2/ M/ /`B2/ i Ry8 ◦* BM M Qp2M iQ +QMbiMi r2B;?i 7QHHQr2/ #v +QQHBM;
BM  /2bB++iQ` M/ `2r2B;?BM;X .Bz2`2M+2b BM r2B;?ib vB2H/2/ i?2 7`+iBQMb Q7 bBHi-
+Hv M/ bM/X
CXk LQM@/2TH2iBQM Q7 MHvi2b #v S1a 7`QK TQ`2ri2`
 bmBi#H2 bBx2 Q7 S1a bi`BTb mb2/ rb b2H2+i2/ iQ 2Mbm`2 i?i i?2 KQmMi Q7 +QK@
TQmM/ 2ti`+i2/ #v i?2 bi`BTb rb F2Ti bm#biMiBHHv HQrX h?Bb rb 2biBKi2/ mbBM;
i?2 2[miBQM (Nd),
Vp × Kpw
Vw + Vmatrix × Kmatrix,w <<< 1 UCXjV
r?2`2 oT- or M/ oKi`Bt `2 i?2 pQHmK2b Q7 TQHvK2`- bQHmiBQM M/ 2MiB`2 bKTH2
Ki`Bt Ub2/BK2Mib M/ ri2`VX EKi`Bt-r Bb i?2 b2/BK2MiĜri2` T`iBiBQM +Q2{+B2Mi

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































G a2/BK2MiĜri2` ~mt KQ/2HBM;
GXR JQ/2H BMTmi M/ QmiTmi T`K2i2`b
h#H2 GXR, a2/BK2Mi KQ/2H BMTmi /i 7Q` T?2MMi?`2M2 M/ ~mQ`Mi?2M2
S`K2i2` S?2MMi?`2M2 6HmQ`Mi?2M2 _272`2M+2fbQm`+2
*?2KB+H T`QT2`iB2b
JQH` Kbb U;fKQHV Rd3Xk kykXj 1SAalAh1 9XR
.i i2KT2`im`2 U◦*V k8 k8 1SAalAh1 9XR
qi2` bQHm#BHBiv U;fKjV RXR8 yXke 1SAalAh1 9XR
oTQm` T`2bbm`2 USV RXeR1@yk RXkj1@yj 1SAalAh1 9XR
.2;`/iBQM ?H7@HB72 U?V RX9k1Yyj jX391Yyj J+Fv 2i HX (NR)
GQ; KQr 9X8d 8Xkk aK2/2b 2i HX (R9d)
EKKr UGfF;V yXRjy yXd33 J/2` 2i HX (Nk)
*QM+2Mi`iBQMb
hQiH Cr U;fKjV 3Xk81@y8 jX3k1@ye 2tT2`BK2MiH
Cb Uƒ;f;V dXRN1@yk NXR31@yj 2tT2`BK2MiH
1MpB`QMK2MiH T`QT2`iB2b
.BK2MbBQMb
`2 Ub[m`2KV Ryyy Ryyy /27mHi
qi2` /2Ti? UKV yX3 yX3 }2H/ pHm2
a2/BK2Mi /2Ti? UKV yXyj yXyj }2H/ pHm2
oQHmK2 7`+iBQM Q7 TQ`2ri2` BM b2/BK2Mi yX3 yX3 /27mHi
*haa U;fKjV 8e3 8e3 2tT2`BK2MiH
.2MbBiB2b UF;fKjV
B` RXR38 RXR38 /27mHi
qi2` Ryyy Ryyy /27mHi
P`;MB+ Kii2` Ryyy Ryyy /27mHi
JBM2`H Kii2` k8yy k8yy /27mHi
P`;MB+ +`#QM
GQ; KQ+ dXkR eXkN 2tT2`BK2MiH
Jbb 7`+iBQM Q7 Q`;MB+ +`#QM
ambT2M/2/ T`iB+H2b yXyk yXyk 2tT2`BK2MiH
*QMiBMm2/ QM M2ti T;2
RN9
h#H2 GXR *QMiBMm2/ 7`QK T`2pBQmb T;2
S`K2i2` S?2MMi?`2M2 6HmQ`Mi?2M2 _272`2M+2fbQm`+2
a2/BK2Mi bQHB/b yXyR yXyR 2tT2`BK2MiH
P`;MB+ Kii2` yXyj yXyj 2biBKi2/ (ee)
h`MbTQ`i
.BzmbBQM Ti? H2M;i? BM b2/BK2Mi UK2i`2V yXyR8 yXyR8 /27mHi
JQH2+mH` /BzmbBpBiv BM ri2` UKkf?V eX3R1@Ry kXk91@ye 2biBKi2/ (R9y)
h`Mb72` `i2b U;fUKk /VV
a2/BK2Mi /2TQbBiBQM j j /27mHi
a2/BK2Mi `2bmbT2MbBQM R R /27mHi

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































GXk a2/BK2Mi JQ/2H +Q/2
h?2 7QHHQrBM; Bb i?2 +Q/2 7Q` a2/BK2Mi JQ/2H p2`bBQM kXyy b T`QpB/2/ #v i?2 *2Mi`2
7Q` 1MpB`QMK2MiH JQ/2HHBM; M/ *?2KBbi`v (kd)X h?2 +Q/2 rb `2@r`Bii2M BM 2t+2H
iQ 2M#H2 Hi2`iBQMb r?2`2 M2+2bb`vX
E2v, B`URV- qi2`UkV- P`;MB+ Jii2`UjV- JBM2`H Jii2`U9V
*>1JA*G S_PS1_hA1a
ha. 4 ha> f k9 Ƕa2/iX `2+iBQM ?H7@HB72 U?V
_a> 4 GQ;UkV f ha> Ƕa2/iX `i2 +QMbiMi Uf?V
_a. 4 _a>  k9 Ƕa2/iX `i2 +QMbiMi Uf/vV
> 4 S  q f a Ƕ>2M`vǶb Gr +QMbiMi
hE 4 h* Y kdjXR8 Ƕ.i h2KT2`iim`2 UEV
qa 4 a f q Ƕqi2` bQHm#BHBiv UKQHfKjV
6PJS 4 6P*S f 6P*J ǶP`;MB+ Kii2` 7`QK Q`;MB+ +`#QM BM bmbT2M/ bQHB/b
6PJa 4 6P*a f 6P*J ǶP`;MB+ Kii2` 7`QK Q`;MB+ +`#QM BM #QiiQK bQHB/b
S_hAhAPL *P166A*A1Lha
EPq 4 RyGEPq ǶP+iMQH@ri2`
EP* 4 yX9R  EPq ǶP`;MB+ +`#QM
EPJ 4 6P*J  EP* ǶP`;MB+ Kii2`
Eq 4 > f :a*Lah f hE ǶB` qi2`
EJJq 4 ESJ  .1LU9V f Ryyy ǶJBM2`H@ri2` U/BK2MbBQMH2bbV
EPJq 4 EPJ  .1LUjV f Ryyy ǶP`;MB+ Kii2` U/BK2MbBQMH2bbV
oPGlJ1 6_*hAPLa
o6qUjV 4 *aS  6PJS f Ryyy f .1LUjV ǶP`;MB+ Kii2` BM ri2`
o6qU9V 4 *aS  UR @ 6PJSV f Ryyy f .1LU9V ǶJBM2`H Kii2` BM ri2`
o6qUkV 4 R @ o6qUjV @ o6qU9V Ƕqi2` BM ri2`
o6aU9V 4 UR @ o6aUkVV f UR Y U.1LU9V f .1LUjVV  6PJa f UR @ 6PJaVV ǶJBM2`H Kii2` BM
b2/iX
o6aUjV 4 R @ o6aUkV @ o6aU9V ǶP`;MB+ Kii2` BM b2/iX
oqh 4   uq ǶhQiH ri2` pQHmK2
oah 4   ua ǶhQiH b2/iX pQHmK2
6Q` B 4 k hQ 9
kyy
oqUBV 4 oqh  o6qUBV ǶoQHmK2 BM ri2` UKjV





6Q` B 4 k hQ 9
JaqUBV 4 oqUBV  .1LUBV ǶJbb Q7 ri2` bm#@+QKT`iK2Mi UF;V
JaaUBV 4 oaUBV  .1LUBV ǶJbb Q7 b2/iX bm#@+QKT`iK2MiUF;V
Jaha 4 Jaha Y JaaUBV ǶhQiH Kbb Q7 b2/iX UF;V
Jahq 4 Jahq Y JaqUBV ǶhQiH Kbb Q7 ri2` UF;V
L2ti B
.1LaAhu
.1Lhq 4 Jahq f oqh ǶhQiH ri2`
.1Lha 4 Jaha f oah ǶhQiH b2/iX
.1La 4 U.1LUjV  oaUjV Y .1LU9V  oaU9VV f UoaUjV Y oaU9VV ǶambT2M/2/ bQHB/b
.1LS 4 U.1LUjV  oqUjV Y .1LU9V  oqU9VV f UoqUjV Y oqU9VV Ƕ"QiiQK bQHB/b w oGl1a
wURV 4 R f :a*Lah f hE ǶB`
wUkV 4 R f > Ƕqi2`
wUjV 4 wUkV  EPJq ǶP`;MB+ Kii2`
wU9V 4 wUkV  EJJq ǶJBM2`H Kii2`
wqSh 4 UwUjV  oqUjV Y wU9V  oqU9VV f UoqUjV Y oqU9VV ǶambT2M/2/ bQHB/b
waah 4 UwUjV  oaUjV Y wU9V  oaU9VV f UoaUjV Y oaU9VV Ƕ"QiiQK bQHB/b
wqh 4 o6qUkV  wUkV Y o6qUjV  wUjV Y o6qU9V  wU9V ǶhQiH ri2`
wah 4 o6aUkV  wUkV Y o6aUjV  wUjV Y o6aU9V  wU9V ǶhQiH a2/iX
*PL*1Lh_hAPLa
*:aa 4 *al:  .1La f Ryyy Ƕa2/iX aQHB/b +QM+2Mi`iBQM U;fKjV
*qh 4 *qh: f q ǶhQiH ri2` +QM+2Mi`iBQM UKQHfKjV
6l:*AhA1a
6q 4 *qh f wqh Ƕqi2` 7m;+Biv
6ql 4 6q  Rye ǶUmSV
6a 4 *:aa f q f waah Ƕa2/iX 7m;+Biv
6al 4 6a  Rye ǶUmSV
*PL*1Lh_hAPLa
*ah 4 6a  wah ǶhQiH a2/iX +QM+2Mi`iBQM KQHfKjV
kyR
6Q` B 4 k hQ 9
*qUBV 4 6q  wUBV Ƕ*QM+2Mi`iBQM BM ri2` UKQHfKjV
*q:UBV 4 *qUBV  q ǶU;fKjV
*q:JUBV 4 *q:UBV  Ryyy f .1LUBV ǶUm;f;V
*aUBV 4 6a  wUBV Ƕ*QM+2Mi`iBQM BM b2/iX UKQHfKjV
*a:UBV 4 *aUBV  q ǶU;fKjV
*a:JUBV 4 *a:UBV  Ryyy f .1LUBV ǶUm;f;V
L2ti B
JPlLha
Jqh 4 *qh  oqh ǶhQiH ri2` KQmMi UKQHV
Jah 4 *ah  oah ǶhQiH b2/iX KQmMi UKQHV
Jh 4 Jqh Y Jah ǶhQiH KQmMi BM bvbi2K UKQHV
Jqh: 4 Jqh  q ǶKQmMiU;V
Jah: 4 Jah  q ǶKQmMiU;V
Jh: 4 Jqh: Y Jah: ǶhQiH KQmMi BM bvbi2K U;V
6Q` B 4 k hQ 9
JqUBV 4 *qUBV  oqUBV ǶKQmMi BM b2/iXUKQHV
Jq:UBV 4 JqUBV  q ǶU;V
S*hqUBV 4 Ryy  JqUBV f Jh ǶUWV
JaUBV 4 *aUBV  oaUBV ǶKQmMi BM b2/iX UKQHV
Ja:UBV 4 JaUBV  q ǶU;V
S*haUBV 4 Ryy  JaUBV f Jh ǶUWV
L2ti B
S*hqh 4 Ryy  Jqh f Jh
S*hah 4 Ryy  Jah f Jh
S*hh 4 Ryy  Jh f Jh Ƕ hQiH T2`+2Mi KQmMi
*PL*1Lh_hAPLa
*a:Jh 4 Jah: f Jaha  Ryyy ǶUm;f;V
*q:Jh 4 Jqh: f Jahq  Ryyy ǶUm;f;V
*a:h 4 Jah: f oah ǶhQiH b2/iX +QM+2Mi`iBQM U;fKjV
*qSh 4 6q  wqSh ǶambT2M/2/ aQHB/ +QM+2Mi`iBQM UKQHfKjV
*qSh: 4 *qSh  q ǶU;fKjV
*qShl 4 *qSh:  Ryyy f .1LS ǶUm;f;V
*aSh 4 6a  waah Ƕ"QiiQK bQHB/ +QM+2Mi`iBQM UKQHfKjV
*aSh: 4 *aSh  q ǶU;fKjV
kyk
*aShl 4 *aSh:  Ryyy f .1La ǶUm;f;V
JPlLha AL aPGA. 6_*hAPLa
JqSh 4 JqUjV Y JqU9V Ƕ KQH
JaSh 4 JaUjV Y JaU9V Ƕ KQH
JqSh: 4 JqSh  q Ƕ ;
JaSh: 4 JaSh  q Ƕ ;
S*hqSh 4 S*hqUjV Y S*hqU9V Ƕ W
S*haSh 4 S*haUjV Y S*haU9V Ƕ W
KQmMi BM bm#@+QKT`iK2Mib b W Q7 iQiH BM qi2` M/ b W Q7 iQiH BM a2/BK2Mi
S2`+2MiamKAMqi2` 4 y
S2`+2MiamKAMa2/ 4 y
6Q` B 4 k hQ 9
S2`+2MiAMqi2`UBV 4 Ryy  JqUBV f Jqh
S2`+2MiAMa2/UBV 4 Ryy  JaUBV f Jah
S2`+2MiamKAMqi2` 4 S2`+2MiamKAMqi2` Y S2`+2MiAMqi2`UBV
S2`+2MiamKAMa2/ 4 S2`+2MiamKAMa2/ Y S2`+2MiAMa2/UBV
L2ti B
"APhA* *PL*1Lh_hAPLa
"*6q 4 Gq  EPq Ƕ"BQ+QM+2Mi`iBQM 7+iQ` Q7 ri2` Q`;MBbKb
*"q 4 *qUkV  "*6q Ƕ"BQiB+ +QM+2Mi`iBQM Q7 ri2` Q`;MBbKb UKQHfKjV
*"q: 4 *"q  q ǶUm;f;V
"*6a 4 Ga  EPq Ƕ"BQ+QM+2Mi`iBQM 7+iQ` Q7 b2/iX Q`;MBbKb
*"a 4 *aUkV  "*6a Ƕ"BQiB+ +QM+2Mi`iBQM Q7 b2/iX Q`;MBbKb UKQHfKjV
*"a: 4 *"a  q ǶUm;f;V
: oGl1a
:. 4 :.L   f k9 f Ryyy f .1LS Ƕ.2TQbBiBQM UKjf?V
:_ 4 :_L   f k9 f Ryyy f .1La Ƕ_2bmbT2MbBQM UKjf?V
:" 4 :"L   f k9 f Ryyy f .1La Ƕ"m`BH UKjf?V
. oGl1a
.. 4 :.  wqSh Ƕ.2TQbBiBQM UKQHfS ?V
._ 4 :_  waah Ƕ_2bmbT2MbBQM UKQHfS ?V
." 4 :"  waah Ƕ"m`BH UKQHfS ?V
.a 4 oah  wah  yXeNj f ha> Ƕ_2+iBQM UKQHfS ?V
JQH+.Bzu+Kkb 4 "q  Ryyyy f jeyy ǶJQH2+mH` /BzmbBpBiv BM +Kkfb 7`QK Kkf?
"q1 4 "q  o6aUkVRX8 Ƕ1z2+iBp2 /BzmbBpBiv Q7 +?2KB+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